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Abstract 
The plastid envelope forms an effective barrier separating the organelle from 
other parts of the cell. Interactions of metabolic events between plastids and other 
compartments require the coordinated and translocator-mediated metabolite transport 
across the envelope. This study primarily examines metabolite transport that is 
directly associated with photorespiratory NH3 and carbon metabolism in isolated 
plastids from monocotyledonous and dicotyledonous species of higher plants. 
Prior to the examination of metabolite transport, investigations were initiated 
on the development of photosynthetic capacity and photorespiration during 
chloroplast development in greening oat leaves (Chapter 2). The correlation of the 
changes in activities of glutamine synthetase (GS) and glutamate synthase 
(GOGAT), but not the glutamate dehydrogenase (GOH), with the increase of 
photorespiratory CO2 (and NH3) evolution supports the idea that photorespiratory 
NH3 assimilation in the leaf occurs via the GS/GOGAT pathway. 
In order to achieve the resolution necessary for metabolite transport studies, it 
was necessary to develop a stable double silicone-layer (SOL) system (Chapter 3). 
This method makes it possible to measure the maximal potential capacity for the 
counter-exchange of an external 14C-labelled substrate with a specific metabolite 
preloaded inside the plastid. This procedure overcomes the variations associated 
with variable levels of endogenous metabolite in~ freshly isolated organelles and 
permits comparison to be made between different organelle preparations. The short 
resolution time obtained in this system (2 s) also helps to determine more accurately 
the initial rate of metabolite transport in plastids. A comparative experiment carried 
out with this system showed that most of the translocators found in chloroplasts 
(including the phosphate, dicarboxylate, ATP/ADP, glucose, and pyruvate) were also 
present in etioplasts. However, the activities in etioplasts were generally lower than 
those determined in chloroplasts. 
~--~~--------
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To characterize accurately a transport system and to understand its roles in 
metabolisms, it is also necessary to isolate plastids that are both morphologically and 
functionally intact. A simple mechanical disruption method was described in 
Chapter 4 for the isolation of oat chloroplasts with high rates of photosynthesis ( 100 
to 150 µmol 0 2 evolved.mg-I Chl.h-1) in 20 min. Extensive examination of the 
photosynthetic properties of the preparations showed that they were similar to those 
reported for spinach and pea chloroplasts with respect to short induction time (0.5-2 
min), and the optimum orthophosphate concentration (0.2-0.3 mM) and pH (7 .6) for 
CO2 fixation. Comparison with chloroplasts isolated from protoplasts indicated no 
apparent requirement for EDTA in the assay medium. The successful establishment 
of this method enables a more accurate comparison of metabolite transport during 
chloroplast development and offers a larger choice for plant materials other than 
spinach. 
The major metabolites transported across the chloroplast envelope during 
photorespiratory NH3 assimilation are dicarboxylates. Detailed preloading, kinetic, 
and inhibitor examinations of their transport (including glutamate, malate, 2-0G, and 
aspartate), in Chapter 5, indicate the presence of at least 2 translocators for their 
transport in chloroplasts. They are the general dicarboxylate (Oct) and the 2-0G 
translocators. The Dct translocator mediated the transport of all dicarboxylates 
examined in the study (see above), while the 2-0G translocator apparently 
transported only 2-0G, malate, succinate, and fumarate but not glutamate and 
aspartate. In spinach chloroplasts, the K1;2 (ma/ate) value for malate transport via the 
Dct translocator was 9.5-fold smaller than that obtained via the 2-0G translocator. 
The values in oat chloroplasts showed only a 2-f old difference. The difference 
observed in spinach chloroplasts may provide a kinetic basis for the coupling of 
glutamate and 2-0G transport via the Dct and 2-0G translocators by malate counter 
exchange. 
Apart from the dicarboxylates mentioned above, glutamine is another 
metabolite associated with photorespiratory NH3 assimilation. The transport of 
glutamine becomes the subject of Chapter 6. The results presented in this chapter 
vu 
clearly demonstrated the presence of a Gln translocator in chloroplasts. Preloading, 
inhibition and direct counter-exchange experiments showed that this translocator 
mediated the stoichiometric counter-exchange of glutamine with glutamine and L-
glutamate, but apparently not with o-glutamate, 2-0G, malate, and aspartate. Kinetic 
characterization of the translocator indicated that this translocator is capable of 
supporting the recycling and metabolism of the glutamine formed in the cytosol by 
cytosolic GS activity in leaves of oat and pea during photorespiration. 
The roles of the Dct, 2-0G and Gln translocators in NH3 assimilation were 
investigated in spinach, pea, oat and wheat chloroplasts in Chapter 7. Maximal NH3 
assimilation in spinach chloroplasts required the addition of a common substrate for 
both the Oct and the 2-0G translocators. A 3- to 4-fold stimulation of (2-0G, 
Nl4Cl)-dependent 02 evolution and amino acid synthesis were obtained by the 
addition of malate, fumarate and succiriate. Exogenous glutamine was also required 
for optimal NH3 assimilation in chloroplasts isolated from pea, oat and wheat leaves. 
Examination of the malate effect on the partitioning and distribution of amino acids 
synthesized during NH3 assimilation indicates that the active glutamate pool in the 
stroma was the major factor affecting the coordination of NH3 metabolism with 
metabolite transport in the chloroplast. Malate stimulation of (2-0G, N°H4Cl)-
dependent 02 evolution in spinach chloroplasts invariably led to an increase of 
(active) glutamate pool whereas the lack of malate stimulation in oat chloroplasts 
was associated with its decline. 
An interdependent metabolic pathway to photorespiratory NH3 assimilation is 
the photorespiratory carbon pathway, in which glycolate is exported from the 
chloroplast with the return of glycerate. Chapter 8 examines the uptake of glycerate 
(the end product of photorespiration) into oat chloroplasts and etioplasts, with 
particular attention to the light effect on the process. Transport of glycerate and 
glycolate in chloroplasts are mediated by the glycerate/glycolate (Glc) translocator. 
Light stimulated glycerate uptake by 5-17 times in freshly isolated chloroplasts but 
not in etioplasts. Preloading the chloroplast with glycerate or glycolate increased the 
uptake activity to the level observed in the light. Furthermore, the inhibition of 
V111 
glycerate uptake in the light by DCMU and FCCP was prevented in glycerate- or 
glycolate-preloaded chloroplasts when measured in the SDL system. These results 
suggest that the light-stimulation of glycerate uptake may be caused by a substrate 
(probably glycolate) gradient established in the light across the envelope. DCMU 
and FCCP caused a dramatic decrease in this light-stimulation in longer (> 2 s) 
incubation and this could be directly linked to the inhibition of RuBP regeneration 
and hence phosphoglycolate synthesis. The low activity of glycerate uptake and the 
lack of light-stimulation in oat etioplasts suggested that the Glc translocator might be 
associated primarily with the recovery of carbon from glycolate during 
photorespiration in leaves of C3 plants. 
A three-translocator model, involving the Gln, Dct and 2-0G translocators, is 
proposed to integrate the metabolite transport associated with the photorespiratory 
NH3 assimilation in C3 plants in the -light (Chapter 9). This model shows the 
stoichiometric exchange of different metabolites and the coordination of the 
metabolism with the metabolite transport across the chloroplast envelope. 
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CHAPTER 1 
General Introduction 
1 
In higher plants solar energy is converted into stable chemical energy during 
photosynthetic CO2 fixation. The effective operation of this process requires the 
coordination of the transport of different metabolites associated with the carbon 
metabolism between chloroplasts and other compartments within the leaf cell. 
Evidently, transport systems located in the membrane of organelles have the 
potential to regulate this metabolism. For example, different metabolites may have 
to be transported into the plastid for the construction of the photosynthetic 
machinery during chloroplast development, and different metabolites involved in the 
photorespiratory pathway are transported in and out of chloroplasts, peroxisomes, 
mitochondria and the cytosol of leaf cells during photorespiration (Lorimer & 
Andrews 1981; Schnarrenberger & Pock 1976; Tolbert 1980). Not surprisingly, 
mutations in the transport systems have been found to be deleterious, e.g. mutants 
defective in chloroplast dicarboxylate transport (Somerwille & Ogren 1983; 
Wallsgrove et al. 1986). 
This chapter does not intend to give a comprehensive summary of known 
chloroplast development and metabolite transport. Instead, emphasis is placed on 
the functional development of chloroplasts and the possible regulatory function of 
transport systems on chloroplastic metabolism, especially on events related to 
photorespiratory NH3 assimilation. 
1.1 Chloroplast Development: Morphology, Physiology and 
Biochemistry 
The development of etioplasts into chloroplasts can be divided into distinct 
phases. These changes can be manipulated by different environmental conditions, 
especially light intensity and quality and length of illumination. For practical 
reasons, many investigators have used greening etioplasts as a model system to 
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study chloroplast development, and most of our current knowledge about the 
development of photosynthetic functions in plastids is derived from such greening 
studies. However, it is uncertain whether this approach accurately reflects the 
developmental processes occurring in natural diurnal light environments (Leech 
1984; Wellburn 1984). 
For comparison with most of the previous studies, etioplast greening has also 
been used in part of the work presented in this thesis. In this chapter, I will consider 
only those studies which have taken a similar approach. For detailed discussions of 
chloroplast development in natural light environments the reader is referred to recent 
reviews by Baker (1984), Leech (1984), and Wellbum (1984). 
1.1.1 Plastid Differentiation 
Plastids are a heterogeneous group of cell organelles differentiated from 
preexisting plastids inherited matemal_ly by the plant zygote, but vary in their 
morphological and physiological behaviour (Kirk & Tilney-Bassett 1978; Whatley 
1977). Figure 1.1 summarizes the major types of plastids in higher plants and shows 
that they are readily interconvertable. The youngest plastids are proplastids 
CHLOROPLAST 
DEGENERATION 
1µm 
r--, 
AMYLOPLAST 
CHLORO-
-AMYLOPLAST 
Figure 1.1 Scheme of plastid development and mutual relationships in leaf cells (Kutik 1985). 
C 
3 
Figure 1.2 Electron 
micro graphs of different 
plastids in oat leaves. The bar 
represents 1 µm. 
A, a proplastid in a cell from 
the base of the leaf. 
B, a dividing etioplast from a 
cross section 5 cm from the tip 
of an etiolated leaf. PLB, 
prolamellar body; PT, 
prothylakoids. 
C, a mature chloroplast from 
green leaves. G, grana. 
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found usually in the meristematic regions (Fig. 1.2A). If the plant is grown in total 
darkness, the proplastid can continue to develop and form an etioplast. However, 
under natural day/night conditions, proplastids develop directly into chloroplasts. 
The most distinct features of etioplasts are the presence of the crystallized membrane 
structure - "the prolamellar body" and unperforated stromal lamellae - "the 
prothylakoids" (Figs. 1.2B and l.2C), and the absence of chlorophyll. All plastids 
possess a boundary envelope of double membranes, an internal membrane system 
undergoing different degrees of differentiation, and the internal space called stroma 
containing soluble proteins. Plastids also contain a genetic system including DNA, 
RNA, DNA and RNA polymerases, and ribosomes which makes them semi-
autonomous and self-reduplicable (for reviews see Dyer 1984; Mullet 1988). 
1.1.2 Chlorophyll Synthesis 
Synthesis of chlorophyll 1s a leading event in the development of 
photosynthetic activity since chlorophyll is a crucial constituent for the assembly of 
photosynthetic units within the thy lak:oid membrane. In most higher plants, the only 
light-dependent reaction in the pathway of chlorophyll synthesis is the conversion of 
protochlorophyllide to chlorophyllide (Castelfranco & Beale 1981). In etiolated 
leaves there is usually a small endogenous pool of protochlorophyllide which will be 
quickly photoreduced to chlorophyllide and, subsequently, to chlorophyll a by 
esterification (Thome and Boardman 1971). After this very rapid photoconversion, 
there is normally a lag phase of 1 to 3 h before steady-state synthesis of chlorophyll 
commences (Bogorad 1976; Thome & Boardman 1971). Chlorophyll bis derived 
from chlorophyll a (Castelfranco & Beale 1981; Shylk 1971) and its synthesis is 
somewhat slower than that of chlorophyll a during- greening. Thus the ratio of 
chlorophyll alb in the early stage of greening is always higher than the normal ratio 
of 3 present in green leaves (Thome & Boardman 1971). 
1.1.3 Photosynthetic Electron Transport Components and Photochemical 
Functions 
The development of photosynthetic activities is dependent upon the synthesis, 
assembly and insertion of thylak:oid membrane components. There are 5 intrinsic 
membrane-spanning complexes in the membrane. They are the photosystem I (PS-
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I), photosystem II (PS-II), cytochrome b!f, ATPase, and light-harvesting chlorophyll 
alb-protein (LHCP) (Anderson 1986). Development of photochemical machinery in 
greening leaves includes (see Baker 1984; Bradbeer 1981; Kirk & Tilney-Bassett 
1978 for detailed references): 
(i) rapid photoreduction of protochlorophillde to chlorophyll a which 
enables the quick assembly of PS-I about 15 min after illumination; 
(ii) PS-II activity about 2-3 h of greening; 
(iii) development of water-splitting mechanism following the incorporation 
of Mn into a protein complex in the thyla.k:oid membrane, and fusion 
of the thylakoids; 
(iv) chlorophyll bis synthesized and LHCP is assembled. 
Within about 8 h of greening, construction of the machinery for photosynthetic 
oxygen evolution, electron transport, and photophosphorylation can be completed, 
but synthesis and insertion of more photosynthetic units continue right up to leaf 
maturity (about 48 h in most plant species). 
1.1.4 Enzyme Synthesis and Activity 
Studies show that activities of 10 out of 11 enzymes in the Benson-Calvin 
cycle are present in the etiolated leaves of P haseolus vulgaris and maize leaves 
(Bradbeer 1981; Smith 1970). Evidently, these enzymes are synthesized in dark-
grown leaves, but the levels of these enzymes (both actual amount of proteins and 
apparent activities) are several-fold lower than those in green leaves (Bradbeer 
1981 ). Rapid de novo synthesis of these enzymes in response to illumination is 
observed and apparently mediated by phytochrome (ScJiopfer 1977). The changes in 
the activities of these enzymes have been studied in correlation with the 
development of chloroplasts. 
Rubisco, because of its primary significance, has received the most intensive 
investigation. fu higher plants, it occurs as a hexadecamer of eight large subunits of 
50- to 55-kDa and eight small subunits of 12- to 18-kDa (Andrews & Lorimer 
1987). The large subunit is encoded in the plastid DNA (Coen et al. 1977; Malnoe 
et al. 1979) and synthesized inside the plastid on 70S ribosomes (Ellis 1977). The 
small subunit is encoded by the nuclear DNA and synthesized on 80S ribosomes in 
CHAPTER 1 6 
the cytosol as a precursor of 16-20 kDa and this precursor is modified to the mature 
peptide (12-14 kDa) during an ATP-dependent uptake process into the plastid (Chua 
& Schmidt 1978; Highfield & Ellis 1978; Lubben et al. 1988). There is a small and 
large subunit pool in etiolated leaves. Upon illumination of etiolated pea plants, the 
level of mRNA coding for the small subunit increased manyfold (Bedbrook et al. 
1980; Smith & Ellis 1981) and rapid synthesis of the enzyme began (Tobin 1981). 
Apart from carrying out photosynthesis, the chloroplast is also the site of a 
large number of other important metabolic events (Anderson 1981), such as the 
reduction of nitrite to NH3 (Beevers & Hageman 1980), NH3 assimilation and 
synthesis of amino acids (Millin & Lea 1980; Mills et al. 1980), synthesis of 
pigments, starch, lipids, protein, DNA, and RNA. However, relatively little is 
known about the development of these non-photosynthetic metabolisms and their 
enzymes in relation to chloroplast development. For example, although the activity 
and the amount of protein of nitrate arid nitrite reductase (Beevers & Hageman 
1980), GS (Edwards & Coruzzi 1989; Guiz et al. 1979; Hirel & Gadal 1981, 1982; 
Hire! et al. 1982; Lightfoot et al. 1988; Mann et al. 1979) and GOGAT (Matoh & 
Takahashi 1982) have been shown to increase during greening of etiolated leaves 
(which may relate to their light-energy-dependence, Anderson 1981), there is no 
study ( as far as I know) correlating these activities to the corresponding development 
of photosynthesis and photorespiration during greening. 
1.1.5 The Plastid Envelope 
The plastid envelope has several important functions as the boundary of the 
organelle. These include the transport of metabolites and proteins, the biosynthesis 
of chloroplast glycolipids, prenylquinones and carotenoids, and the maintenance of a 
micro-environment for the soluble enzymes in the stroma and thylakoid membranes 
to ensure an effective and efficient functioning of plastid metabolism (Douce & 
Joyard 1979, 1984; Heber & Heldt 1981; Heldt & Flugge 1987; Lubben et al. 1988). 
Despite its importance, little work has been done on the biogenesis of plastid 
envelope during chloroplast development. 
The most important function of the envelope during chloroplast development 
may be to mediate the import of large amounts of chloroplast proteins (about 70-
80% of them are synthesized in the cytosol). Again little is known about protein 
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transport in plastids during chloroplast development. In the last decade, 
considerable attention has been focused on protein transport into chloroplasts, but 
the mechanisms of the process are still not clear (for recent reviews, see Bartlett et 
al. 1982; Lubben et al. 1988; Schmidt & Mish.kind 1986). 
It is generally believed that specific envelope carriers are involved in protein 
transport in chloroplasts, and the synthesis and transport of proteins are evidently 
independent events. Chloroplast proteins are initially synthesized in the cytoplasm 
( on 80S ribosomes) as a precursor of higher molecular weight. The presence of a 
small peptide fragment called the "transit peptide" is a prerequisite for successful 
transport. Transport is started by binding of the precursor to a specific receptor 
probably on the outer envelope (Bitsch & Kloppstech 1986; Freidman & Keegstra 
1989; Hinz & Flugge 1988). The precursor is modified to its mature size during or 
shortly after being transported into the organelle. This transport process is evidently 
energy-dependent and it is specific for ATP which could be supplied by 
photophosphorylation in chloroplasts. Similar mechanisms may apply to protein 
transport in other non-green plastids in which energy could be presumably derived 
from mitochondrial respiration or substrate phosphorylation. 
Transport of various crucial metabolites is also an important function of the 
envelope during chloroplast development. Hampp and co-workers have examined 3 
major translocators (the phosphate, dicarboxylate and ATP/ADP translocators) in 
etioplasts and etiochloroplasts in greening etiolated oat leaves. These transports 
were translocator-mediated at all stages of development. The K112 values remained 
relatively unaffected but the velocities were higher in plastids in the early 
developing stages (Hampp 1978; Hampp & Schmidt 1976; Hampp & Wellborn 
1976a,1976b, 1980; Wellbum & Hampp 1976a, 1976b,-1976c). These indicate that 
the envelope might have the potential to regulate chloroplast development by 
controlling the quality and quantity of the metabolites transported into the organelle. 
The increased ATP uptake observed in etioplasts and etiochloroplasts (Hampp & 
Riehl 1981; Hampp & Wellburn 1980) also suggested that the energy for protein 
synthesis and other activities within the plastids might be translocated from 
mitochondria in these early stages of chloroplast development (W ellbum 1984 ). 
Dicarboxylate and phosphate transport in the plastid are extremely rapid 
(Heldt & Flugge 1987). Consequently, Douce and Joyard (1984) had argued that 
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there was no need to postulate a transient increase in the transport of these 
metabolites across the envelope during greening and that the observed changes could 
be attributable to changes in organelle intactness caused by isolation procedures. 
Interestingly, the rate of malate uptake in rye etioplasts was lower than chloroplasts 
(Hoinghaus & Feierabend 1985). This would support the above view expressed by 
Douce & J oyard and emphasize the need for good isolation procedures for the 
preparation of intact plastids with high integrity and functional activity. 
The use of different species and/or assay procedures could create different 
images of the change of envelope permeability and activity during chloroplast 
development. Recent studies showed that rates of metabolite transport could also be 
affected dramatically by the changes of internal metabolite pools in the plastid 
(Flugge et al. 1988; Somerville & Ogren 1983). The exact nature of membrane 
permeability in plastids during greening merits further elucidation. 
1.2 Metabolite Transport and Functions of Metabolite Transport in 
Plastids 
The plastid envelope has two membranes. The outer membrane allows free 
passage of small molecules with molecular weight less than about 10 kDa (Flugge & 
Benz 1984), while the inner membrane fortns an effective barrier for most 
metabolites. The introduction of the silicone centrifugal filtering technique to 
studies of metabolite transport in chloroplasts had revealed many transport systems 
in chloroplasts. One of the major features of these carrier-mediated transports in 
plastids is that they basically occur by counter-exchange ( also called 
countertransport), i.e. the import of one metabolite is coupled to export of another 
(Flugge & Heldt 1984; Flugge et al. 1988; Heldt 1969; Lehner & Heldt 1978; Yu & 
Woo 1988). This can result in the accumulation of one substrate in the organelle 
against its electro-chemical potential gradient. Such transport is independent of 
metabolic energy but is expected to be affected by the pool size of the counter ion 
(Flugge et al. 1988; Somervill & Ogren 1983). 
It is a common practice to determine the metabolite transport activities of 
isolated plastids directly after organelle isolation. However, plastid preparations 
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from different plants and different ages may contain different levels of endogenous 
metabolite. Consequently, the measured activities in different plastid preparations 
would, to a great extent, depend on the endogenous metabolite pools present. These 
variations could create different characteristics of a translocator, making it difficult 
to evaluate the intrinsic changes of a translocator during chloroplast development or 
cliff erences between different species. Furthermore, the linear phase for most 
transport processes is limited. The ref ore, a short incubation time ( usually less than 
10 s) should be used. Recently, Howitz and McCarty ( 1985a) had developed 2 
double silicone layer systems which give a resolution time of 1-2 s. In these systems 
the top (light) layer of silicone oil moved up or down at the start of the assay to 
allow chloroplasts to be mixed with a substrate. Obviously, the extent of the mixing 
achieved would be critical for transport measurements. In these systems substrate-
preloaded organelles must be washed before uptake could be measured. It would be 
useful to modify these systems to lmprove the accuracy of the transport 
measurements. 
1.2.1 The Phosphate Translocator 
The phosphate translocator is the most abundant envelope protein and 
comprises about 15 % of the total envelope protein in spinach (Flugge & Heldt 
1981). It mediates the transport of Pi, 3-PGA (but not 2-PGA), DHAP and 
glyceraldehyde phosphate by strictly coupled counter-exchange (Fliege et al. 1978). 
The substrates are divalent anions. Illumination which alkalizes the stroma (Heldt et 
al. 1973) restricts the export of PGA3- formed in photosynthesis (Fliege et al. 1978; 
Heldt & Flugge 1987). The active site of the translocator apparently consists of a 
lysine and an arginine residue, thus Pi transport is strongly inhibited by amino acid 
reagents, such as pyridoxal 5-phosphate, 2,4,6-trinitrobenzene sulfonate and 
phyenylglyoxal (Flugge & Heldt 1979). 
The purified protein from spinach chloroplasts (Flugge & Heldt 1981) has a 
molecular weight of 60 kDa and consists of two identical subunits of 29. kDa 
(Flugge 1985). The gene coding for the protein has been determined (Flugge et al. 
1989). Like most chloroplast proteins, the phosphate translocator is encoded by a 
nuclear gene, synthesized on the cytoplasmic 80S ribosomes as a precursor, 
transported and inserted into the inner membrane (Flugge & Wessel 1984; Flugge et 
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al. 1989). This protein is also apparently present in the envelope preparations of 
amyloplasts (Alban et al. 1988; Ngemprasirtsiri et al. 1989) and etioplasts 
(Hoinghaus & Feierabend 1985). 
The phosphate translocator plays an important role in photosynthesis (see 
review by Heldt & Flugge 1987 for details). In the light, Pi in the cytoplasm is 
counter-exchanged with triose-P in the chloroplast via the phosphate translocator. 
Orthophosphate thus imported into the organelle is used in photophosphorylation 
and incorporated into triose-P. The exported triose-P is converted to sucrose in the 
cytoplasm and the Pi is released for transport back into the chloroplast. Thus carbon 
is exported from the chloroplast in this transport-metabolism-regeneration cycle of 
Pi and triose-P during photosynthesis. If too much Pi is present in the cytoplasm, 
triose-P will be depleted from the chloroplast and photosynthesis will be strongly 
inhibited. On the other hand, if Pi is in short supply, export of triose-P from 
chloroplasts will be limited and PGA will accumulate in the stroma. Under these 
conditions, ADP-glucose pyrophosphorylase will be activated, leading to starch 
synthesis inside the chloroplast (Preiss & Levi 1980). Therefore, Pi and triose-P 
transport via the phosphate translocator greatly affect the synthesis of sucrose and 
starch in the leaves. The in vivo Pi concentration in the cytoplasm was found to be 
fairly constant and likely to be buffered by the vacuolar Pi pool (Foyer & Spencer 
1986). 
1.2.2 The Dicarboxylate Translocators 
Our understanding of dicarboxylate transport into chloroplasts is less clear. A 
wide range of dicarboxylates, such as glutamate, malate, 2-0G, succinate, aspartate 
and glutamine, has been shown to be transported across-the chloroplast envelope via 
specific translocators (Flugge et al. 1988; Heldt & Rapley 1970; Lehner & Heldt 
1978; Woo et al. 1987a). It was recognized a decade ago that a number of 
translocators with overlapping specificity might be involved in dicarboxylate 
transport in chloroplasts (Lehner & Heldt 1978). A number of these have now been 
identified: a specific 2-0G translocator (Flugge et al. 1988; Proudlove et al. 1984; 
Woo et al. 1984, 1987a), a general dicarboxylate (Dct) translocator (Flugge et al. 
1988; Woo et al. 1987a), a glutamine (Gln) translocator (Somerville & Ogren 1983), 
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an oxaloacetate translocator (Hatch et al. 1984 ), and a low and a high affinity 
component for aspartate transport (Wemer-Washbume & Keegstra 1985). 
An abundant 42.4 kDa envelope protein in wild-type Arabidopsis is found to 
be low or absent in envelopes from an Arabidopsis mutant defective in chloroplast 
dicarboxylate transport (Somerville & Ogren 1983; Somerville & Somerville 1985). 
This putative polypeptide may be a component of the Dct translocator (Somerville & 
Somerville 1985) and is encoded by a recessive nuclear gene (Somerville & Ogren 
1983). The proteins for the other translocators remain to be identified. 
The major role of the chloroplast dicarboxylate transporter in vivo must be to 
serve as a component of the photorespiratory nitrogen cycle (Somerville & Orgen 
1983). Woo and co-workers have intensively examined the regulation of 
dicarboxylate transport and its effect on photorespiratory NH3 assimilation (Flugge 
et al. 1988; Woo 1983; Woo & Osmond 1982; Woo et al. 1984, 1987a, 1987b; Yu 
& Woo 1988). Addition of dicarboxylates, such as malate, succinate and fumarate, 
greatly stimulated the (2-0G, Nl4Cl)-dependent 02 evolution in intact chloroplasts 
(Anderson & Walker 1983a 1983b; Dry & Wiskich 1983; Woo & Osmond 1982). 
However, these dicarboxylates had no effect on coupled GS/GOGAT activity in the 
reconstituted chloroplast system (Anderson & Walker 1983a, 1983b). This suggests 
that the effect of the dicarboxylates was dependent on an intact envelope. This 
increase in (2-0G, Nl4Cl)-dependent 02 evolution was accompanied by a similar 
increase in 2-0G import and glutamate export (Woo et al. 1987b), and 15NH3 
assimilation via the GS/GOGAT pathway (Woo 1983; Woo et al. 1987a, 1987b). 
Based on these results, a 2-translocator model (Fig. 1.3) has been postulated to 
explain the transport of metabolite during NH3 assimilation. In this model, 2-0G 
import occurs via the 2-0G translocator and glutamate is exported via the Dct 
translocator. The addition of a common substrate for both translocators, such as 
malate (Flugge et al. 1988; Woo et al. 1987a), couples the two translocators in a 
"push-and-pull" manner, thus stimulating both 2-0G and glutamate transport, and 
NH3 assimilation in chloroplasts. 
Many of the results obtained in studies of dicarboxylate transport and NH3 
assimilation could be explained by this model (Woo et al. 1987a). These include: 
the presence and function of a distinct site for 2-0G transport (Proudlove et al. 
1984; Woo et al. 1984 ); the overlapping specificities of dicarboxylate transport 
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(Lehner & Heldt 1978); the mechanism of dicarboxylate stimulation of (2-0G, 
Nr4Cl)-dependent 02 evolution in intact chloroplasts (Anderson & Walker 1983b; 
Dry & Wiskich 1983; Woo & Osmond 1982); and the absence of dicarboxylate 
stimulation of (2-0G, Nr4Cl)-dependent 02 evolution in a reconstituted chloroplast 
system (Anderson & Walker 1983a, 1983b). It also explains the rapid decline of (2-
0G, Nl4Cl)-dependent 02 evolution activity after an initial rapid phase (Woo & 
Osmond 1982) and the high rate of (2-0G, aspartate )-dependent 02 evolution in 
isolated chloroplasts (Anderson & Walker 1983a). 
AOP•P 
NH3 
ATP 
Glutamine 
2Fdax 
Glutamate 
STROMA CYTOSOL 
Figure 1.3 A two-translocator model for the transport of 2-0G into and glu'ta.mate out of the 
chloroplast during photorespiratory NH3 assimilation in spinach (Woo et al. 1987a). 
Part of the photorespiratocy NH3 may be fixed in the cytosol in species 
containing a cytosolic GS isof orm. The glutamine thus formed must be transported 
into the chloroplast for nitrogen recycling. Therefore, the proposed 2-translocator 
model would have to be modified to include glutamine transport in those species 
with cytosolic GS activity. 
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1.2.3 The Glycerate/Glycolate (Glc) Translocator 
In early studies, the measured rates of glycolate and glycerate transport were 
too low to account for observed rates of photorespiration (Heber et al. 1974). Their 
transport was considered to be a simple diffusion process (Heber et al. 197 4; Takabe 
& Akazawa 1981). Further studies by Howitz and McCarty (1983) and Robinson 
(1982a, 1982b) demonstrated that glycolate and glycerate transports are in fact 
carrier-mediated. When measured over a sufficiently short time, the rate of 
glycolate and glycerate transport saturated with increasing substrate concentration. 
Inhibitor studies indicated that glycolate and glycerate are transported by a common 
chloroplast envelope translocator (Howitz & McCarty 1985b, 1986). This 
translocator apparently also transports other 2-hydroxymonocarboxylates with no 
more than 3 carbons, such as glyoxy late and lactate, but not substrates of the 
dicarboxylate and the phosphate translocators (Howitz & McCarty 1985b; Robinson 
1982b). 
Unlike most other metabolite transports, glycerate uptake in intact 
chloroplasts was greatly stimulated by light, presumably caused by the proton (ion) 
gradient established in the light across the envelope (Robinson 1982a, 1982b, 1984a, 
1984b). However, it would be difficult to explain why the optimum pH for 
glycerate uptake in the light at 20 °C was pH 8.5 (Robinson 1982b) when the stroma 
pH in the light was around pH 8.2 (Heldt et al. 1973). 
Light also appeared to increase glycolate uptake (Howitz & McCarty 1982). 
This light effect was pH-dependent: the higher the medium pH (5.3 to 8.0), the 
stronger the relative rate of light stimulation. But the uptake rate actually decreased 
with medium pH in both light and dark. The measured rate of decline was greater in 
the dark than in the light. No glycolate uptake was ooserved when the medium pH 
was 8.0 in chloroplasts isolated at pH 6.5 (Howitz & McCarty 1982). The different 
effects of pH on glycolate and glycerate is not expected if they share the same 
. 
earner. 
The stimulation of glycerate (glycolate) uptake by light was abolished by 
DCMU and certain uncouplers of photophosphorylation, viz. FCCP and nigericin, 
but not by inhibitors of ATP synthesis, viz. arsenate, phlorizin and ATP analogue 
AMP-PCP (Robinson 1984a, 1984b). Thus glycerate transport was postulated to 
involve the proton (ion) gradients generated across the chloroplast envelope 
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independently of ATP (Robinson 1984a, 1984b). A mobile carrier model, involving 
either a proton symport or a hydroxy 1 anti port has been proposed as the mechanism 
of transport (Howitz & McCarty 1985a). 
Direct evidence for this mechanism remains to be established. Furthermore, 
it does not explain the inhibition of light-stimulated glycerate transport by DCMU. 
The inhibitor studies by Robinson ( 1984a, 1984b) are compounded by the 
experimental procedures adopted, viz. long incubation time used for uptake 
measurements and the difficulties of separating transport from metabolism since a 
substantial proportion of the transported [14C]glycerate had been metabolized during 
the measurements. Robinson ( 1984b) pointed out that light was not directly 
involved in the observed stimulation of glycerate uptake but rather some product 
formed prior to uptake measurements. The nature of this product remains to be 
identified. 
1.2.4 The ATP/ADPTranslocator 
Counter-exchange of adenine nucleotides (ATP, ADP) was first reported to 
occur in isolated intact chloroplasts by Heldt ( 1969) and Strotmann and Berger 
(1969). The activity measured was 1-2 orders of magnitude lower than that of other 
metabolite translocators present in the chloroplast. This plastid translocator was 
found to cross-react with antiserum raised against the mitochondrial ADP/ATP 
translocator. It also has a similar molecular weight (32 kDa) to the mitochondrial 
counterpart (Ngemprasirtsiri et al. 1989). This translocator appeared not to transport 
other nucleotides but is highly specific for external ATP ( uptake of ATP into 
chloroplasts was 10 times faster than ADP uptake, Heldt 1969), whereas its 
mitochondrial counterpart is specific for external ADP (Pfaff et al. 1969). Heldt 
(1976) postulated that the role of this translocator is to deliver ATP generated by 
respiration or glycolysis from the cytoplasm into chloroplasts during the night 
period. Recent studies with non-green plastids and young chloroplasts suggest that 
this plastid translocator may play a more important role in energy trans location for 
gluconeogenesis in amyloplasts (Ngemprasirtsiri et al. 1989) and during chloroplast 
biogenesis (Hampp & Wellbum 1980; Robinson & Wiskich 1977b ). In chloroplasts, 
adenine nucleotide translocation across the envelope may also occur indirectly via 
the PGA/DHAP shuttle (Flugge & Heldt 1984; Heber & Santarius 1970). 
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1.2.5 Other Transports 
The chloroplast envelope has been shown to be impermeable to free sugars 
and sugar alcohols, such as sucrose, sorbitol and mannitol (Ginunler et al. 1974; 
Heldt & Sauer 1971; Wang & Noble 1971). Thus they can be used as osmotica for 
isolation of intact chloroplasts (Walker 1976). However, o-ribose can readily 
penetrate the chloroplast envelope (Ginunler et al. 1974; Wang & Nobel 1971) and 
specific transport of o-glucose (but not L-glucose) is also known to occur in spinach 
chloroplasts via a translocator (Schafer et al. 1977) which may also transport 
maltose (Herold et al. 1981). The envelope must also be permeable to the triose, DL-
glyceraldehyde, since it quickly inhibits photosynthesis when added to intact 
chloroplast suspension (Stokes & Walker 1972). In contrast, phosphorylated 
pentose and hexose are not transported across the envelope (Smeekens et al. 1989; 
Walker 1976). Thus, important regulatory metabolites, such as fructose-2,6-
bisphosphate in the cytosol, may have very limited effects on the stromal enzymes 
(Smeekens et al. 1989). 
Active transport of pyruvate has been reported to occur in the mesophyll 
chloroplasts of C4 plants (Flugge et al. 1985; Huber & Edwards 1977; Ohnishi & 
Kanai 1987). Like glycolate and glycerate, pyruvate accumulation against the 
metabolite gradient occurs only in the light. This light-dependent active uptake of 
pyruvate is abolished by DCMU and uncoupling reagents and also inhibited by 
sulfbydry 1 reagents such as mersaly 1 and p-chloromercuripheny lsulf onate (Flugge et 
al. 1985; Ohnishi & Kanai 1987). The presence of this pyruvate translocator 
appears to associate with the recovery and recycling of pyruvate in mesophyll 
chloroplasts in C4 photosynthesis, since no active uptake was observed in the bundle 
sheath chloroplasts (Ohnishi & Kanai 1987) nor in C3 spinach chloroplasts (Huber 
& Edwards 1977), although a pyruvate translocator has also been reported in pea 
chloroplasts (Proudlove & Thurman 1981). 
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1.3 Photorespiration and Photorespiratory NH3 Assimilation 
1.3.1 Photorespiration 
Photorespiration and photosynthesis are initiated in a reaction catalyzed by 
Rubisco (Lorimer & Andrews 1981). The former is an inevitable consequence of 
oxygenation of RuBP to form PGA and phosphoglycolate. Subsequent metabolism 
of phosphoglycolate leads to the release of CO2 in the mitochondria in the light, 
giving rise to the term photorespiration. Unlike mitochondrial respiration, 
photorespiration appears not to generate energy but to consume it. Figure 1.4 
summarizes the reactions and enzymes in photorespiration and shows the 
approximate stoichiometry of C 3 photosynthesis and photorespiration in air. 
Although photorespiration was regarded in early studies as a wasteful process 
(e.g. Zelitch 1971), several functions of this metabolism have been proposed 
(Chollet & Ogren 1975). Since it consumes energy and evolves CO2, 
photorespiration has been postulated to protect the photosynthetic apparatus against 
photooxidative destruction under various stresses, such as high irradiance and low 
CO2 concentration (Osmond 1981; Osmond & Bjorkman 1972). However, the 
extent to which energy could be dissipated through the photorespiratory processes 
under these conditions is much less than that required to totally protect against 
photoinhibition. The end product of photorespiration, glycerate, reenters the 
Benson-Calvin cycle. Thus, the photorespiratory pathway serves to recover 75% of 
the carbon lost from the Benson-Calvin cycle as an inevitable consequence of RuBP 
oxygenation (Andrews & Lorimer 1987). Some authors suggest that glycine 
oxidation during photorespiration may provide energy for nitrate reduction (Canvin 
1981; Woo et al. 1980; Yu & Li 1988). 
1.3.2 Photorespiratory NH3 Assimilation 
Photorespiration has at least two features distinct from photosynthesis: multi-
compartmentation and integrated nitrogen and carbon metabolism. As shown in 
Figure 1.4, while photosynthetic carbon metabolism occurs only in chloroplasts, 
photorespiration requires the co-operation of different enzymes in chloroplasts, 
perox1somes, mitochondria and the cytosol. Therefore, transport of the 
intermediates in and out of these organelles forms an important part of the 
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metabolism. On the other hand, while photosynthesis is mainly a carbon reduction 
and recycling process, the stoichiometric release of NH3 and CO2 during glycine 
oxidation in mitochondria makes the photorespiratory nitrogen cycle an inseparable 
part of carbon metabolism. 
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Figure 1.4 Approximate stoichiometry of C3 photosynthesis and photorespiration in air (340 
µl I l CO2, 21% 02) at 25 °C. Reactions occur in the chloroplast (CJ, peroxi.some (P), and 
mitochondrion (M). Enzymes in the pathway are: 1, Rubisco; 2, glycolate-P phosphatase; 3, 
glycolate oxidase; 4, catalase; 5, glutamate-glyoxylate aminotransferase; 6, glycine 
decarboxylase; 7, serine transhydroxymethylase; 8, serine-glyoxylate aminotransferase; 9, 
hydroxypyruvate reductase; 10, glycerate kinase; 11, GOGAT; 12, GS; and 13, chloroplast 
dicarboxylate translocator (Ogren 1984). 
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The photorespiratory nitrogen cycle represents the greatest nitrogen flux in 
leaves of most C3 species in the light and involves different organelles (Keys et al. 
1978; Woo et al. 1978). In excised 7-day-old oat leaves, photorespiration was 
reported to account for about 83% of NH3 accumulated when leaf segments were 
incubated with inhibitors of NH3 assimilation (Frantz et al. 1982). Mutants 
defective in any enzyme in this nitrogen pathway or related metabolite transport are 
inviable under photorespiratory conditions such as in air (Somerville 1984; 
Somerville & Ogren 1983; Somerville & Somerville 1985). 
There are two potential enzyme systems for NH3 assimilation in the plant, 
viz. GDH and the GS/GOGAT pathway (Millin & Lea 1980). However, several 
lines of evidence have indicated that the GS/GOGAT pathway is the primary 
pathway for NH3 assimilation. Firstly, GDH has a much higher Km for NH3 than GS 
(Stewart et al., 1980). The low concentration of NH3 in plant tissues suggested that 
GDH was unlikely to be involved in NH3 assimilation. Secondly, the accumulation 
of NH3 in the presence of methionine sulfoximine (MSO), a specific inhibitor of GS, 
also confirmed the involvement of GS/GOGAT in NH3 assimilation (Frantz et al. 
1982; Walker et al. 1984). Thirdly, 15N-labelled experiments indicated that the 
amido-N of glutamine was the first and highest labelled product in the light (Woo et 
al. 1982). Finally, mutants that lack GS (Wallsgrove et al. 1987) or GOGAT 
(Kendall et al. 1986; Morris et al. 1988; Somerville & Ogren 1980) are inviable 
under photorespiratory conditions. This inviability is probably caused by nitrogen 
loss and other photorespiratory intermediates such as glyoxylate (Ikeda et al. 1984; 
Wallsgrove et al. 1987). 
1.4 Objectives 
The development and proper functioning of chloroplasts require coordination 
between plastids, nucleus, mitochondria and the cytoplasm with respect to gene 
expression, translocation of different "building materials" and energy. However, 
although numerous studies of chloroplast development and interactions with other 
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compartments have appeared in the literature, only a few have been directed to the 
study of the role of the chloroplast envelope in the above processes. 
The aim of this thesis is to examine only one aspect of the role of the 
chloroplast envelope: metabolite transport and its role in the regulation of 
photorespiratory NH3 assimilation. 
Briefly, the number of objectives established in this study are: 
1. To investigate the development of photorespiration and the enzymes 
involved in photorespiratory NH3 assimilation. 
2. To establish a stable double silicone-layer system to measure more 
accurately the metabolite transport in plastids and to clarify some of 
the discrepancies of metabolite transport during plastid development. 
3. To develop a mechanical disruption method for the isolation of 
functional plastids from monocotyledonous species such as oat. This 
is to overcome the difficulties associated with the lengthy period 
required for plastid isolation from protoplasts and to allow metabolite 
transport and NH3 assimilation in these isolated organelles to be 
examined rapidly. 
4. To identify and characterize the metabolite translocators involved in 
photorespiratory NH3 assimilation. 
5. To examine the role of these translocators and the regulation of 
metabolite transport in the in vivo metabolism in C3 species in the light. 
6. To investigate the transport of glycerate in chloroplasts, especially the 
bases and mechanisms of the light stimulation of this transport. 
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CHAPTER2 
Changes of Photosynthetic Characteristics and Some Enzyme 
Activities of Oat Leaves during Greening 
2.1 Introduction 
The GS/GOGAT pathway is the primary pathway for NH3 assimilation in 
higher plants (see Chapter 1). Like many other enzymes in the leaves (Lamb & 
Lawton 1983), the activity of GS and GOGAT were clearly under light control. 
Low levels of activity of both the cytosolic GS (GS1) and chloroplastic GS (GS2) 
could be detected in etiolated rice leaves, with the former isoform being 
predominant in this tissue (Guiz et al. 1979). illumination caused a 5-fold increase 
in GS2 activity with a concomitant 2-fold decrease in GS1 activity (Hirel et al. 
1982). Similar pattern of light stimulation was observed in pea (Hirel & Gadal 
1981), sorghum (Hirel & Gadal 1982) and barley leaves (Mann et al. 1979). Both 
isoforms are encoded by homologous nuclear genes (Lightfoot et al. 1988; Tingey et 
al. 1988), but light selectively affected the expression of the gene for GS2 (Edwards 
& Coruzzi 1989). Examination of the response of mRNA levels to red and white 
illumination in plants with various ages and pretreatments suggest that the light-
induced accumulation of GS2 mRNA in leaves results from both the action of 
phytochrome and the production of photorespiratory NH3 (Edwards & Coruzzi 
1989). 
There are also two isoforms of GOGAT in higher plants, i.e. NADH-GOGAT 
and Fd-GOGAT (Stewart et al. 1980). In immature pea leaves, the NADH-isoform 
which catalyzes the light-independent formation of glutamate from 2-0G was 
predominant (Matoh & Takahashi 1982). As the leaf developed, the Fd-isoform 
increased rapidly and represented 97 % of the total activity measured in 17 -day-old 
leaves. This change-over is consistent with the development of photosynthetic 
production of reduced Fd in chloroplasts. 
Although these studies indicate that enhanced expression of GS/GOGAT 
during greening is coordinated with the development of chloroplasts, so far no 
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attempt has been made to link these studies with the development of 
photorespiration ( or photorespiratory NH 3 assimilation). Since developmental 
processes may change with the environmental, ontogenic or ageing factors, 
comparison of cliff erent developmental processes should be made under the same 
conditions in the same species. In this chapter, I have examined the contribution of 
the GS/GOGAT pathway and GDH to photorespiratory NH3 assimilation by 
comparing the changes in the enzyme activities with photosynthetic capacity and 
photorespiration in etiolated oat leaves during greening. The results support the idea 
that the GS/GOGAT cycle is the primary route for photorespiratory NH3 
assimilation in the leaf. 
2.2 Materials and Methods 
2.2.1 Cultivation of Plant Materials 
Oat (Avena sativa L., cultivar Coolabah, supplied by Cleanseeds Pry Ltd, 
A.C.T.) seeds (80 g) were sown in vermiculate in a plastic tray (28 x 34 cm). Green 
plants were grown either in a growth cabinet (25 °C day/night; 12 h light/dark, 300 
µmol photons·m·2.g-l at plant surface supplied by a combination of fluorescent and 
incandescent lamp) or in a glasshouse (25 °C/20 °C day /night; natural summer 
sunlight in Canberra, around 1500 µmol photons·m·2.g-l at noon). The seedlings 
were watered daily with tap water, and were about 10 cm high 6 days after sowing. 
Etiolated plants were grown in the dark in a growth cabinet under identical 
conditions. Watering was carried out under dim green safe light. Greening was 
carried out under continuous illumination (300 µmol photons·m·2.s-1) supplied by a 
combination of fluorescent and incandescent lamps in the growth cabinet at 25 °C. 
2.2.2 Enzyme Extraction and Assay 
Leaves were ground in liquid nitrogen with a mortar and pestle and 
immediately transferred into different extraction media ( see Appendix I) for the 
homogenization of different enzymes. The homogenate was centrifuged at 10,000 g 
for 10 min. The supernatant ( about 1 ml) was desalted with a sephadex G-25 
column (2 cm), equilibrated with the same media, and the eluate from the void 
CHAPTER 2 22 
volume was used for the enzyme assays. In order to compare the enzyme activity on 
the same basis (i.e., total water-soluble proteins) no further purification of these 
enzymes was attempted. The method for the determination of Rubisco activity was 
modified from Lorimer et al. (1977), GS from Guiz et al. (1979), GOGAT from 
Somerville & Ogren (1980) and Wallsgrove et al. (1977), and GDH from Ehmke & 
Hartmann (1978). The reader is referred to Appendix I for details of these assays .. 
2.2.3 Other Methods 
CO2 fixation by attached leaves was measured with an open gas-exchange 
system described by Wong (1979) and Wong et al. (1978). Briefly, rates of CO2 
assimilation were measured with 6 to 7 attached leaves enclosed in a glass and 
aluminum chamber. Leaf temperature and vapour pressure differences between leaf 
and air were maintained at 25 °C and 8 mbar, respectively. The light intensity at the 
illuminated leaf surface was 300 µmol photons·m-2-s-1. Measurements were made 
with 340 µbar CO2 and 21 % 02. 
Chlorophylls were extracted in 80% acetone and measured as described by 
Amon (1949) at wavelengths of 663 nm and 645 nm. The amount of chlorophyll a 
and chlorophyll b was calculated by the following formula: 
Chlorophyll a (mg/I) = 12. 7 ~63nm - 2.69 ~5nm 
Chlorophyll b (mg/I) = 22.9 A645nm - 4.68 A663nm 
Protein was measured by a modified Lowry method (Lowry et al. 19 51) with 
BSA as standard (Appendix I). 
2.3 Results and Discussion 
2.3.1 Chlorophyll and Protein Content 
The changes in the chlorophyll content in primary leaves of 7-day-old oat 
seedlings during greening under continuous illumination are shown in Figure 2.1 . A 
typical pattern of chlorophy 11 synthesis (Beale 1984) was obtained. In the early 
developing stage, chlorophyll b formation was slower that chlorophyll a. The 
chlorophyll alb ratio was 7.5 after 1-h of greening and decreased to 3 after about 
CHAPTER 2 23 
...,) 1.68 8 
c:: I 0 Q.) - Total Chl ·-...,) ..> ....> c:: ..c:: 0 aj 0 tlD s... 
C) ·- 1.26 6 ..c V 
- ~ 
" 
- • ~ ..c:: T 
aj 
...C rn \ C... V _..0.84 • Lo 4 _.. 0~ >-. s. 
"• . 
..c: o-' • _, ~ 
..c: ~ 0 a/b 0 C) fu) 0.42 r/ 2 s... - e 0 (Xj .._, _.. 
...,) 0 ..c: 
0 I u ~ 
.. o 
0.00 0 
0 8 16 24 32 40 48 
Hour in the light 
Figure a.1 Changes of chlorophyll content in 7 -day-old diolated oat leaves during greening at 
300 µmol photons· m-2.s-1 and 25 °C. The bars represent standard deviation from 4 
preparations. 
.--... 
...,;> 
100 ..c: 
!'/) QO ..... 
c ,...... 40 
-•-•-• • • 
Q) 
..... 
...,) ;: Q) 
_c: Water 80 
..,) 
t20 ..c: 0 
·-
0 !'/) s... Q.) 
~ ~ 30 .. o---o 0 l Q) l 1 l l Proteins 60 s... Q) _c: ~ __. r/l ~ ..a Q) :1 s... .._.. ..... 20 __. 
40 ...,;> 0 .-.. c 
!'/) I (l) 
I t20 ...,) 
s... . c t20 10 (l) s 20 0 ..,) C) 
ro ..._,, 
~ s... Q) 
0 0 ...,) ro 0 8 16 24 32 40 48 ~ 
Hour . the light 1n 
Figure 2.2 Total water-soluble proteins and water content of 7-day-old etiolated oat leaves 
during greening at 300 µmol photons·m·2.s-1 and 25 °C. Data were obtained from 3 sets of 
experiment and are expressed as mean + standard deviation. 
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10-h greening, which was similar to the results of Thorne and Boardman (1971). 
In contrast, the amount of total water-soluble proteins did not increase during 
greening, but remained at a constant level of about 30 mg per g leaf fresh weight 
(Fig. 2.2). Similar results were obtained on dry weight basis as the water content 
remained at about 90% during greening (Fig. 2.2). Compared with the increase in 
Rubisco (Kannangara 1969; and see below) and other enzymes in photosynthesis 
and nitrogen metabolism (see Chapter 1), this result indicates that the relative 
proportion of other water-soluble proteins has decreased. 
2.3.2 Rubisco 
Rubisco activity was almost undetectable in oat seeds soaked for 4 hours at 
room temperature (Fig. 2.3). It remained very low until the seedlings emerged 
above the surf ace of vermiculate. The activity increased dramatically as soon as the 
leaf appeared in the light, about 10 times_ in the first 5 hours and doubled again to a 
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Figure 2.3 Changes of Rubisco activity in primary oat leaves grown under different light 
. 
conditions. 0, glasshouse under natural summer sunlight (1500 µmol photons·m·2 .s-1); e, 12 
h LID cycle in growth cabinet; .6., dark-grown in the first 7 days and than greening in 
continuous illumination. Light intensity in growth cabinet was 300 µmol photons· m·2-s-1. 
Time zero represents the time when the leaves emerged above the venniculate. 
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maximal activity of 50 to 60 µmol C02•mg-l protein·h-1 after 50-h of growth. 
Similar results were obtained in the seedlings grown either in the glasshouse or in 
the cabinet. This indicates that the light intensity of 300 µmol photons·m-2-s-l in 
the cabinet was sufficient for the development of full Rubisco activity in these 
seedlings. 
In dark-grown plants, the development of Rubisco activity was different. 
Rubisco activity in etiolated leaves increased very slowly and reached only about 25 
µmol·mg-1 protein-h-1 in 7-day-old plants. After transfer to continuous 
illumination, the activity increased very rapidly, reaching the level of that in plants 
grown in the light within 24 hours of greening at 300 µmol photons·m-2-s-1 at 25 
~C. There were apparently two stages in this increase: a rapid phase in the first hour 
of illumination, followed by a lag phase which lasted for about 5 hours before 
another rapid increase lasting for about 10 hours. 
The increase in Rubisco activity during greening or seedling development 
could be the result of both in vivo activation, de novo synthesis, or assembly of the 
protein. As the activities were assayed after full activation with MgCI2 and CO2 
(Lorimer et al. 1976, 1977), in vivo activation may not be responsible for the 
observed increase in activity. Synthesis of the Fraction I protein (Rubisco) has been 
observed within a short time of illumination in etiolated leaves (Kannangara, 1969; 
Kleinkopf et al. 1970; Smith et al. 197 4) and could be largely responsible for the 
observed increase in activity. However, there is still the possibility of rapid 
assembly of small and large subunits of Rubisco from a pre-existing pool in the cell 
(Andrews & Lorimer 1987; Lamb & Lawton 1983), especially in the first rapid 
phase (Fig. 2.3). As observed with other photosynthetic enzymes, phytochrome has 
been identified as the photoreceptor of the light-induced enzyme synthesis (see 
reviews Schopfer 1977; Schopfer & Apel 1983). 
2.3.3 Photosynthetic Capacity and Photorespiration 
The capacity of CO2 fixation in the greening leaves (Fig. 2.4) appeared to 
develop more slowly than Rubisco (Fig. 2.3). There was a lag phase of about 5 
hours before net CO2 fixation was observed. The synthesis and/or cooperation of 
other components involved in photosynthesis evidently require a longer time than 
that of Rubisco. After this induction period, CO2 fixation capacity increased at a 
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constant rate for about 24 hours. Full development of CO2 fixation capacity was 
completed within 48 hours of greening (Fig. 2.4), although the chlorophyll content 
was still increasing (Fig. 2.1). 
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Figure 2.4 Changes of COz fixation capacity in primary leavu of 7-day-old dark-grown oat 
during greening under continuous white light (300 µmol photons-m·2.s-1) at 25 ·c. 
Measurements were done in an open gas-exchange system in 340 ppm CO2 and 21% 02 as 
indicated. At the specified time intervals, 02 concentration was changed to 2% and CO2 fixation 
rate recorded (OJ; 02 concentration was then changed back to 21%. 
Enhanced CO2 fixation was observed when 02 concentration was reduced 
from 21 % to 2 % . This indicates the concomitant development of photorespiration 
in the leaves. This 02 effect was detected even before net CO2 fixation became 
apparent (Fig. 2.4). A biochemical model has been proposed by Farquhar & 
Caemmerer (1982) and Farquhar et al. (1980) in which various aspects of the 
biochemistry of photosynthesis in C3 plants has been integrated into a form 
compatible ·with studies of gas exchange in leaves. By using this model, we can 
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estimate the changes in the activity of photorespiration during greening of etiolated 
oat leaves (Fig. 2.5). The first appearance of photorespiratory CO2 evolution 
occurred after about 4-h of greening, and it increased steadily up to 40-h of 
illumination. Similar to photosynthesis (Fig. 2.4 ), the development of 
photorespiratory metabolism was completed within 48-h of greerung. The 
percentage of photorespiratory CO2 evolution to true photosynthesis remained about 
12% over the whole period indicated (Fig. 2.5). This correlation between the two 
activities is evidently associated with the bifunctional activities of Rubisco and its 
predominant role in the production of photorespiratory substrate (Andrews & 
Lorimer 1987). 
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Figure 2.5 The increase in the activity of photorespiratory CO2 evolution and the 
photorespiration / true photosynthesis ratio during greening of oat leaves at 25 °C and 300 µmol 
photons,m-2,s-1. The results were calculated from the selected data in Figure 2.4 by the model of 
Farquhar & Caemmerer (1982) and Farquhar et al. (1980). See Appendix II for details of 
calculation. 
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After 48 hours of greening, the rate of net CO2 fixation measured in 21 % 02 
was 23 µmol·m-2-s-l, or 161 µmol·mg-1 Chl-h-1. This was comparable to the leaves 
grown under a natural light environment (data not shown). This rate (in 21 % 02) 
increased further to 210 µmol·mg-1 Chl-h-1 when the light intensity increased to 
1200 µmol photons·m-2-s-l, but the inhibition by 21 % 02 remained at about 30%. 
The corresponding rates of photorespiratory CO2 evolution under these low and high 
light intensities were 16.4 and 33.8 µmol·mg-1 Chl-h-1 respectively. Under normal 
condition, the major source of photorespiratory CO2 is mitochondrial glycine 
oxidation (Keys et al. 1978; Woo et al. 1978), which also produces an equivalent 
amount of NH3 (i.e. 16.4 and 33.8 µmol·mg-1 Chl·h-1). Unless refixed, the loss of 
such a quantity of NH3 would be deleterious to the plant. In order to sustain normal 
rates of photosynthesis in air, the rate of photorespiratory NH3 reassimilation would 
have to be as fast as its production. 
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Figure 2.6 Changes of total GS activity in primary oat leaves grown under different light 
environments. 0, glasshouse with natural summer sunlight (1500 µmol photons·m-2 ,s-1); e, 
12 h LID cycle in growth cabinet; ~ dark-grown for the first 7 days and then transferred to 
continuous illumination in growth cabinet. Light intensity in growth cabinet was 300 µmol 
photons,m-2,s-1. Time zero represents the time when the leaves emerged above the vermicula-te. 
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2.3.4 GS, GOGAT, and GDH 
Figure 2.6 shows the development of GS in primary leaves of oats grown 
under different light environments. Compared with Figure 2.3, we can see that the 
overall pattern of GS development in light-grown plants was similar to that of 
Rubisco. No GS activity was detected in soaked seeds. After the leaf emerged, GS 
activity increased dramatically. The total activity of GS was higher in the leaves 
grown under high light intensity (glasshouse) compared to those grown under low 
light (growth cabinet). The GS activity in mature leaves was 4 to 6 µmol·mg-1 
protein-h-1, which was equivalent to 100 to 150 µmol·mg-1 Chl-h-1. This is much 
higher than the estimated rate of NH3 evolution from photorespiration under the 
same conditions (see section 2.3.3). 
When the dark-grown plants were exposed to light, the GS activity in the leaf 
increased. This increase in activity was slow in the initial 5 h, but became faster in 
the next 7 h. After 24 h illumination, this-GS activity reached the level determined 
in mature leaves (about 5 µmol·mg-1 protein.h-1 ). This was twice greater than the 
activity before illumination. 
No attempt was made to separate the cytosolic and chloroplastic isoforms. 
The changes are assumed to be similar to those in rice leaves where the cytosolic 
activity decreased and the chloroplastic activity increased (Guiz et al. 1979; Hirel & 
Gadal 1980). No activation or other regulatory mechanism of GS activity has so far 
been found (see Stewart et al. 1980). In rice, the increase in activity was the result 
of de novo synthesis of the enzyme (Hirel et al. 1982). 
The successful reassimilation of photorespiratory NH3 requires the co-
operation of both GS and GOGAT. Figure 2.7 shows that the increase in GOGAT 
activity during greening in oat leaves was different from that of GS. In etiolated 
leaves, there was a lag phase of about 5 hours after transfer to the light and then the 
activity increased at a constant rate. This was similar to the estimated changes of 
photorespiratory CO2 evolution (Fig. 2.5), but the GOGAT activity continued to 
increase even after 48-h of greening (Fig. 2.7). 
The maximum GOGAT activity determined was 3.6 µmol glutamate 
formed•mg-1 protein-h-1 or 90 µmol glutamate formed·mg-1 Chl·h-1, which was 
lower than the GS activity measured (Fig. 2.6). Compared to the estimated rate of 
photorespiratory CO2 evolution (see section 2.3.3), the GOGAT activity obtained 
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was sufficient to support NH3 assimilation throughout the whole greening period in 
this study. The majority of GOGAT activity is Pd-dependent (Millin & Lea 1980; 
Stewart et al. 1980). The similarity between changes of this enzyme activity and the 
synthesis of chlorophyll (Fig. 2.1) and photosynthetic capacity (Fig. 2.4) suggests 
that the development of GOGAT activity was related to the synthesis of Fd (a 
photosynthetic electron transport component). 
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Figure Z. 7 Changes of GOGAT activity in primary leavea of 7-day-old darle-grown oat on 
transfer to continuous illumination (300 µmol photons·m-2.s-1) at 25 °C. 
In contrast to GS and GOGAT, GDH activity did not respond to changes of 
illumination. The activity in etiolated leaves did not increase after the light was 
turned on (Fig. 2.8). In fact, it appeared to decline under continuous illumination. 
The highest activity obtained (0.8 µmol ·mg-1 protein-h-1) was considerably lower 
than those measured for GS and GOGAT and also lower than that required for 
photorespiratory NH3 assimilation (see estimation in section 2.3.3). It seems 
unlikely that GDH plays a major role in this metabolism. These results are 
consistent with other evidence which indicate that photorespiratory NH3 assimilation 
occurs via the GS/GOGAT pathway. 
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Figure 2.8 ChaT1/JeS of GDH activity in 7-day-old primary leavu of dark-grown oat on transfer 
to continuous illumination (300 µmol photons-m·2,s-1) at 25 °C. 
2.4 Summary 
The development of CO2 fixation capacity, and Rubisco and GS activities in 
greening oat leaves was completed within 48-h of continuous illumination. 
Chlorophyll synthesis and GOGAT activity continued to increase beyond this time. 
Within this 48-h period, the activities of Rubisco, GS and GOGAT increased 2.3, 
2.0, and 3 times, respectively. Throughout the greening treatment, the GS and 
GOGAT activities were always high enough to sustain the expected rate of 
photorespiratory NH3 production. In contrast, GDH activity decreased during 
greening, and the measured rate was not high enough for photorespiratory NH3 
assimilation. These results support the idea that the GS/GOGAT pathway is the 
major, if not the only route for photorespiratory NH3 assimilation in the light in 
leaves of higher plants. 
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Measurement of Metabolite Transport by 
Silicone Oil Centrifugation Systems 
3.1 Introduction 
32 
A number of methods have been used to study plastid and intracellular 
metabolite transport (Table 3.1). These are primarily based on the time-dependent 
determinations of the redistribution of metabolites in organelles under cliff erent 
conditions. Each has its own advantages and disadvantages (see reviews by Heber 
1974; Walker 1976). However, the silicone oil centrifugal filtration procedure is the 
only one that can provide information -on the mode of the direct transfer of 
metabolites in plastids (Heber 1974). This is the method used in the current study. 
In principle, it directly measures the amount of the labelled metabolite transported 
Table 3.1 Methods for metabolite transport study in plastids (Heber 1974). 
A. Inf onnation on distribution and flow of compounds in vivo 
I. N onaqueous cell fractionation 
a) Kinetic measurements of substrate levels and substrate distribution 
b) Kinetic measurements of tracer distribution 
II. Aqueous cell fractionation 
Measurements of metabolite contents in intact chloroplasts after "fast" isolation 
B. Inf onnation on metabolite distribution and flow in vitro 
I. Direct methods using isolated chloroplasts 
a) Distribution of metabolites or tracer between chloroplasts and medium 
b) Measurements of substrate concentration after centrifugation of chloroplasts 
through silicone oil 
II. Indirect methods using isolated chloroplasts 
a) Response of chloroplast metabolism to the addition of metabolites 
b) Measurement of the activity of "cryptic" enzymes 
c) Osmotic response of chloroplasts to additives 
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into the plastids which has been spun through an inert and filtering layer of silicone 
oil in a microfuge tube. This method, first devised by Werkheiser and Bartley 
(1957), was used extensively in transport studies in mitochondria (Palmieri & 
Klingenberg 1979). It has been successfully applied to transport studies in 
chloroplasts by Heldt and his colleagues (Heldt 1980). 
3.2 The Single Silicone-layer (SL) System 
This system has remained practically unchanged since it was first introduced 
to chloroplast metabolite transport study (Heldt & Sauer 1971). Basically, it uses 
one layer of silicone oil to separate the organelle suspension from the bottom layer 
of quenching acid or aJkaline solution (Heldt 1980). The density of the silicone oil 
Plastids 
Light oil 
(AR200/20 10/6) 
14 C-Sub- Percoll solution 14 
- C-Sub 
Single-layer System 
Heavy oil 
(AR200/20 10/3) 
6N HCOOH 
Stable Double-layer System 
Figure 3.1 The single (SL) and stable double silicone-layer (SDL) systems used for the 
measurement of metabolite transport in pl,astids. 
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is the most important factor affecting the accuracy of the measurements. At a given 
temperature and centrifugal force, the optimal oil should allow a maximal recovery 
of intact plastids but a minimum amount of medium to be carried through the 
silicone oil. 
All transport activities in this thesis were measured at 20 °C, and if not 
otherwise stated, under dim green safe light (referred to as "dark" hereafter). The 
selected composition of the SL system used in this study is shown in Figure 3 .1. It 
contained, from top to bottom of the 400-µl microfuge tube: 
200 µl chloroplast suspension 
70 µl silicone oil (AR 200/AR 20 = 10:4, v/v, Wacker Chemie, Munich) 
20 µl 6 N formic acid. 
Measurements of uptake activity were started by the addition of 10 µl radioactive 
metabolite to the plastid suspension in the microfuge tube. A special device (Fig. 
3.2) makes it possible to determine a total of 12 measurements simultaneously. This 
minimizes the "noise" which could be significant in replicates. After 5 or 10 s 
incubation ( except for time course experiments), transport was stopped by 
centrifugation in a microfuge (Beckman 152) for 15 s to pellet the intact organelles. 
The tip of each microfuge tube was cut just above the acid layer and transferred into 
an 1.5-ml Eppendorf tube. The plastid pellet was resuspended in 700 µI water by 
vigorous shaking in a modified TED shaker and subsequently repelleted. An aliquot 
of 500 µl supernatant was transferred to a liquid scintillation vial, mixed with 5 ml 
ACS II scintillant (Amersham), and the radioactivity was counted in a Beckman 
Liquid Scintillation Counter. 
The transport activity was calculated (Heldt 1980)-by the fallowing equation: 
Transport activity (µmol·mg-1 Chl-h-1) = 
(Metabolite space - Sorbitol space) (µl·mg-1 Chl) 
Incubation time (h) 
x [Metabolite] (M) 
As it takes about 2 s to pellet intact plastids (Heldt 1980), thus transport activity 
measured in the SL system was calculated on the incubation time plus 2 s in this 
thesis. Solute space is the volume of the pellet permeated by the labelled substances 
A, the water bath with glass window; 
B, tubes connected to the water bath; 
C, the stirrer; 
D, the adapter of the microfuge; 
E, the microfuge tube. 
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Figure 3.2 The device for determining metabolite uptake in the single 
silicone-layer system. An aliquot of IO µl radioactive metabolite is loaded 
to each stirrer. Measurement is started by pushing the stirrers plus the 
radioactive metabolite into the plastid suspension in the microfuge tubes 
which are already placed in the adapters of the centrifuge. Good mixing of 
metabolite with organelle is achieved by quickly n1oving the stirrer up and 
down. The reaction is stopped by centrifugation. 
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and is determined by the distribution of the radioactivity between the pellet and 
supernatant fractions: 
Solute space (µl ·mg-1 Chl) = 
dpffi(pellet) • Supernatant volume (µ1) 
dpffi(supematant) • Chlorophyll (mg) 
The sorbitol space, which includes the unspecifically permeated intermembrane 
space and the volume of adhering medium around the organelle, is measured by 
[14C]sorbitol which is impermeable to the inner envelope (Gimmler et al. 1974). 
The 3H20 space is equivalent to the total volume of the pellet because 3H20 can 
freely penetrate the envelope membranes. The difference between the 3H20 and the 
sorbitol space represents the space inside the inner envelope (sometime called the 
sorbitol-impermeable space) and consists of the stroma and the thylakoid spaces. 
r For simplicity, this space is called the stroma space in this thesis. Metabolite 
concentration in the stroma is given by 
( 
I, 
Metabolite space - Sorbitol space 
[Metabolite]stroma (mM) = -------------- x [Metabolite] (mM) 
Stroma space 
The limitations of the SL system for metabolite transport measurements in 
chloroplasts are: 
(i) the shortest incubation time with reasonable accuracy is about 10 s. 
However, some transport processes are much faster than this. For 
example, it had been found that glycolate and glycerate uptake into 
chloroplasts reached saturation in 10 s or less (Howitz & McCarty 
1983; Robinson 1984a). Thus the rates obtained for such transport 
processes in this system cannot be taken as initial linear rates. 
Although an inhibitor-stop procedure can shorten the incubation time, 
some metabolites may leak out again during the separation of 
organelles from the medium. In addition, specific inhibitors for some 
transport processes, such as dicarboxylate transport, have not yet been 
found. To overcome this problem, low temperature (0 to 4 °C) has 
,-----
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been used to slow down the transport. But such low temperatures may 
affect the kinetic properties of a carrier as a result of changes of 
structure and dynamic performance of the membrane at low 
temperature. 
(ii) If chloroplasts are to be preloaded with a specific metabolite, they 
must be washed after preloading before uptake measurements. This 
wash step would further decrease the integrity of the organelle and 
cause leakage of the endogenous substrate. 
3.3 The Stable Double Silicone-layer (SDL) System 
I· In order to measure the _. initial linear rates of rapid transport of glycolate 
uptake into chloroplasts, Howitz and McCarty (1985a) had developed two 
multilayered silicone oil centrifugation systems. In these systems, the top layer of 
oil moved up or down during centrifugation to allow chloroplasts to be mixed with 
the substrate below for a short time (2 s). A similar approach was tried in this study, 
but I found that while these systems could shorten the incubation time, there were 
uncontrollable factors which affected the accuracy of the measurements obtained. 
The lack of reproducible good mixing is the major shortcoming of these systems. 
Since the chloroplast suspension and substrate were mixed during centrifugation, the 
concentration of the substrate would change because the solute volume was 
increased. This concentration change depended on the extent of mixing achieved 
which would affect the activity calculated. In my experi~nce the top oil layer did not 
always move up or down, sometimes they only opened up in the centre. This 
affected the mixing of chloroplasts with the substrate. In addition, like in the SL 
system above, metabolite-preloaded chloroplasts have to be washed before transport 
measurements can be made in these systems. 
( For these reasons, a SDL system was developed in this study (Fig. 3.1) 
based on the system described by Flugge et al. (1988). The microfuge tube was 
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constructed, from top to the bottom, as follows: 
100 µl 
40 µl 
160 µl 
70 µ1 
20 µl 
plastid suspension in 0.25 M sorbitol resuspension medium 
light silicone oil (AR 200/AR 20 = 10:6, v/v) 
5% Percoll solution containing 0.25 M sorbitol, 1 mM MgC12, 1 
mM EDTA and 40 mM Tricine (pH 7.6) 
heavy silicone oil (AR200/AR20 = 10:3, v/v) 
6 N formic acid 
Radioactive metabolite, and other inhibitors when present, were included in the 
Percoll layer. Uptake occurred during centrifugation (15 s at 85% line voltage, 
Beckman Microfuge 152) as the plastids moved through-the Percoll layer. The two 
silicone oil layers remained separated at the end of centrifugation and the medium 
remained above the top light silicone oil layer. The amount of radioactive 
metabolite transported into the organelles was measured as for the SL system 
described above. 
The amount of medium ( together with preloaded metabolite) that was carried 
through to the Percoll layer with the organelles was determined with [3H]dextran. In 
a 3 mM [3H]dextran preloading solution, 1.1 ± 0.03 nmol [3H]dextran/10 µg Chl 
(equal to a final concentration of 6.8 ± 1.9 µM) was carried down to the Percoll 
layer. Compared to the metabolite concentration (0.1 to 4 mM) used for transport 
measurement in this layer, this carry-over was acceptable and not expected to greatly 
affect the transport processes. 
The time of uptake is the time taken for the organelles to pass through the 
Percoll layer. This was determined by extrapolating the uptake rate observed in the 
system to the value of the time course determined by the SL system in the same 
plastid preparation. L-[U-14C]Glutamate uptake in oat etioplasts was found to be 
linear for at least 20 sand was used for this purpose (Fig. 3.3). L-[U-14C]Glutamate 
t taken up by the etioplasts was determined to be 0.7 mM in the SOL system, and this 
corresponded to a 2-s uptake in the SL system in the same etioplast preparation (Fig. 
3.3). In other words, the time of transport in the SOL system is 2 s under the 
conditions employed above. 
This system has some distinct advantages over the other systems discussed 
above. With this method, chloroplast preparations preloaded with metabolite could 
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be used directly, without washing, for uptake measurements. This gives a more 
accurate determination of maximal capacity of the counter-exchange activities of a 
specific metabolite. This is important for comparative studies of metabolite 
transport in different types of organelles where it is essential to determine the 
maximum activities of the transport processes. This system is also useful for 
distinguishing different translocators with overlapping specificities ( e.g. 
dicarboxylate transport, see Chapter 5). In addition, the shorter incubation time of 2 
s improves the kinetic analysis of rapid transport process, and helps to distinguish 
transport from metabolism. This could be helpful, for example, for the studies of 
light effect on glycerate and glycolate transport in chloroplasts (see Chapter 8). 
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Figure 3.3 Calibration of uptake time in the SDL sys'tem by I:-fU-14C}glutamate uptake into 
oat etioplasts in the dark at 20 °C. The same etioplast preparation was used for the uptake in 
both the SL (0) and the SDL system (e). A value of 0. 7 mM was obtained for glutama'te uptake 
in the latter system, and this was equivalent to a 2-s uptake in the SL system. Therefore the 
uptake time in the SDL system is taken to be 2 s. 
The disadvantages of the SDL system include the invariant uptake time and a 
relatively greater noise compared to the SL system. Because Percoll is composed of 
colloidal silica coated with PVP, it could be forced through the second (heavy) 
silicone oil under high centrifugation force or long centrifugation time. In an 
experiment where no chloroplast suspension was used, some of the radioactive 
compound present in the Percoll layer was found in the bottom layer after 15 s 
centrifugation at full line voltage. This value increased rapidly with centrifugation 
time. In all the experiments reported in this thesis, tubes were centrifuged for only 
15 s at 85% line voltage because this treatment was found to abolish this "carry-
over" effect. 
The SDL system is also sensitive to the amount of plastids loaded. Howitz 
and McCarty ( 1985a) found that the apparent internal volume of chloroplast pellets 
measured in a similar system was less than half of a control in which the 
chloroplasts were preincubated with the isotopes. This was also observed in the 
present system, but it only happened when large amounts of chloroplasts were used. 
Presumably clumping of chloroplasts occurred at high chloroplast concentration 
which affected the uptake measurement of 14C-labelled metabolites or sorbitol at the 
short incubation (2 s) time taken for the organelles to pass through the Percoll layer. 
Experiments on chlorophyll (for chloroplasts) or protein (for etioplasts) 
concentration versus 3H20 and [14C]sorbitol volumes showed that in the SOL 
system, the solute volumes determined decreased dramatically when more than 10 
µg Chl in chloroplasts or over 150 µg protein in etioplasts were loaded onto one 
tube. Therefore, a maximum of 10 µg Chl/tube of chloroplasts or 150 µg 
protein/tube of etioplasts was used in this study. In contrast, in the SL system up to 
30 µg Chl/tube could be used without affecting the solute volumes. For purpose of 
comparison with the SOL system, only 10 µg Chl/tube was used in the SL system in 
all experiments done in this thesis. 
3.4 Preloading Procedures 
Metabolite transport in plastids occurs by counter-exchange. Consequently, 
the level of endogenous metabolites would be expected to have a significant effect 
on the activity of metabolite transport measured in different plastid preparations (see 
following chapters). Metabolite-preloading may provide a way to overcome this 
"pool size effect", since it can potentially lead to the eventual replacement of all 
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exchangeable metabolites inside the organelle by the preloading species. Under this 
condition the counter-exchange of 14C-labelled metabolite in preloaded plastids 
would occur primarily with the preloaded compound. Preloading would also 
increase the stromal concentration of a counter-exchange ion, thus enabling the 
determination of the maximal potential activity of a translocator. 
In this thesis, metabolite transport has been measured in plastids preloaded 
with a specific metabolite, unless stated otherwise. All preloading was carried out in 
the dark at O °C. Preloading for uptake measurements in the SL system was done 
during the isolation of plastids by incubating the F 1 plastid pellet (see Chapter 4) in a 
wash medium CEWMoat, CWMoat, or CWMspinach, see Appendix Ill) containing 15 
mM specific metabolite for 30 min. The subsequent procedures were similar to 
those adopted for plastid isolation (Chapter 4 ). Briefly, the plastid was washed in 5 
parts of the respective wash medium and pelleted through a Percoll cushion (15% 
Percoll for oat plastids and 25% Percoll for spinach chloroplasts). The pellet (F2) 
was resuspended in a resuspension medium (CR.Moat or CRMspinach, see Appendix 
Ill) and used directly for uptake measurement. 
Preloading in the SDL system was done by incubating the final chloroplast 
preparations (F2, 5.0 mg protein/ml for etioplasts or 0.50 mg Chl/ml for 
chloroplasts) in a medium containing 0.25 M sorbitol, 1 mM MgCI2, 1 mM EDTA, 
40 mM Hepes, pH 7.7, and 15 mM specific metabolite for 30 min. The suspension 
was diluted vvith 4 volumes of the same medium minus the metabolite and 100 µl 
aliquots were inunediately transferred on to the top of the light silicone oil layer in 
the microfuge tubes used for uptake measurements. The organelles were separated 
from the preloaded metabolite in the medium by the upper silicone oil layer during 
centrifugation. 
Measurements of the concentration of preloaded substrate in the stroma 
showed that the preloading in the SOL system raised the concentrations to about 20 
mM (Table 3 .2). In contrast, these stromal concentrations were found to be only 5-6 
mM when preloading in the SL system. This relatively poor preloading in SL 
. 
system was presumably caused by leakage of the preloaded substrate and damage to 
the organelle during the washing step. 
',:.---- ------ - ------------------------------
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Table 3.2 The stromal concentration of [3H]glutamate and {3H}glutamine in oat 
chloroplasts after preloading in the SL and SDL systems by the procedures 
described in the text. Results are the means ± SD of 2-6 measurements. 
Preloaded substrate 
[3H]Glutamate 
[3 H]G lutamine 
SL 
6.2 ± 0.2 
4.9 ± 0.1 
(mM) 
SDL 
20.3 ± 0.5 
19.0 ± 7.4 
3.5 Comparison of Translocators in Etioplasts and Chloroplasts 
42 
The major metabolite transport systems in chloroplasts are the phosphate, 
dicarboxylate, ATP/ADP, glycerate/glycolate, n-glucose and pyruvate transport 
systems (Heldt & Flugge 1987). It has been reported that the former 3 translocators 
had a higher velocity in oat etioplasts and etiochloroplasts after 3-h of greening 
compared to those in chloroplasts (for details see review by Wellbum 1984). 
However, these measurements were determined by a similar SL system, which 
might not reflect the true values of the activities due to shortcomings of the 
methodology adopted. During the development of plastids from a heterotrophic to 
an autotrophic organelle, different metabolites might have to be imported into the 
plastid for the construction of the photosynthetic machinery. Hence, it would be 
interesting to compare the activities of these transport systems in substrate-preloaded 
chloroplasts and etioplasts in the newly developed SOL system. 
A proper basis is required for such a comparison. Total plastid proteins and 
pigments are not suitable since they change during development, nor could the 
envelope protein (but see Hampp 1978) be used since the composition and the 
amount of envelope protein per plastid change during greening (Cobb & Wellburn 
1974). Furthermore, the activation of translocator could be responsible for the 
increase in transport activities. 
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Table 3.3 Transport activity of major metabolites in etioplasts and chloroplasts of oat. 
Activities were measured at a final substrate concentration of 2 mM with substrate-
preloaded plastids for maxi.mal counter-exchange activi'ty in the SDL system in the dark 
at 20 °C. Uptake activities are expressed as nmol·cm-2 envelope surface area.h-1 (means+ 
SD, n = 3-6). 
Transport system 
and [14C]substrate 
Dicarboxylate translocator 
Glutamate* 
Malate 
2-0xoglutarate 
Glutamine 
Phosphate translocator 
Inorganic phosphate 
Nucleotides 
ATP 
UTP 
Glycolate 
DL-Glycerate 
Sugar and phosphate sugar 
D-Glucose 
D-Glucose-1-P 
D-Glucose-6-P 
Pyruvate 
*n.d. = not detectable. 
Etioplasts Chloroplasts 
Uptake activity 
57.8 ± 1.9 
95.8 ± 23.0 
131.9 ± 25.3 
90.0 ± 18.8 
98.7 ± 12.6 
17.1 ± 2.5 
n.d.* 
6.6 ± 2.5 
15.2 ± 5.0 
16.4 ± 4.0 
n.d. 
n.d. 
11.6 ± 1.7 
77.6 ± 13.1 
138.7 ± 22.5 
178.0 ± 20.4 
33.7 ± 3.9 
111.6 ± 28.5 
11.0 ± 3.0 
n.d. 
87.4 ± 12.0 
60.7 ± 10.9 
10.8 ± 3.4 
n.d. 
n.d. 
25.1 ± 3.2 
The best way would probably be to relate the flux of metabolite to a unit 
surface area of the envelope. For simplicity, an oat plastid can be considered as a 
*If not otherwise stated, this represents L-glutamate in the whole thesis. The same 
applies to the other dicarboxy lates. 
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cylinder. From 20-40 electron micrographs, a measurement of 3.49 + 0.84 µm x 
2.05 + 0.52 µm was obtained for an etioplast and 4.04 + 0.78 µm x 1.79 + 0.92 µm 
for a chloroplast. In 1 µl (internal volume) plastids, the total surface area of 
etioplast envelope is calculated to be 25.3 cm2, and the chloroplast envelope 27.2 
cm2. By using this relationship, the uptake activity can be expressed as nmol.cm-2 
envelope surf ace area. h-1. 
The comparison of ma3or metabolite transport between etioplasts and 
chloroplasts (Table 3.3) shows that oat etioplasts exhibited comparable activities of 
all the major translocators found in oat chloroplasts. Generally, most of the 
metabolite transport measured were faster in chloroplasts; glutamine transport which 
showed a 2.5-fold lower activity in chloroplasts than in etioplasts was the only 
exception. The largest difference was obtained for glycerate and glycolate transport 
which showed a 4.3- and 12.5-fold increase in activity respectively in chloroplasts. 
This may possibly reflect an increasing requirement for these metabolite transports 
as a result of photorespiration in chloroplasts (see Chapter 8). 
These results are in contrast to those previously reported by Hampp and co-
workers which showed higher permeabilities in etioplasts or etiochloroplasts of 3-h 
illumination compared to chloroplasts (Hampp 1978; Hampp & Schmidt 1976; 
Hampp & Wellburn 1976a, 1976b, 1980; Wellborn & Hampp 1976a, 1976b, 1976c). 
This discrepancy may be due to the different procedures adopted in this study. In 
my opinion, measurements made with substrate-preloaded organelle by the SOL 
system are likely to reflect more accurately the maximal potential transport 
processes in these organelles. 
CHAPTER4 
Isolation of Plastids and Photosynthetic 
Properties of Oat Chloroplasts 
4.1 Introduction 
45 
The measurement of metabolite transport in the silicone oil centrifugal 
systems described in the previous chapter depends on the success of the isolation of 
morphologically and functionally intact plastids. Chloroplasts with high 
photosynthetic capacity can be easily isolated from leaves of dicotyledonous species, 
such as pea and spinach, by mechanical disruption (reviews see Lee good & Walker 
1983; Walker 1980). However, dicotyledons are not good for plastid development 
studies since in their leaf tissues adjacent cells and chloroplasts in the cells can be in 
different developmental stages (Saurer & Possingham 1970; Whatley 1979). On the 
other hand, leaf cells in monocotyledons are all generated in a basal intercalary 
meristem and so a linear gradient of sequentially older cells can be found from the 
base to the tip of a young leaf. Homogeneous populations of chloroplasts at several 
cliff erent developmental stages can be isolated from these leaves (Dean & Leech 
1982; Leese et al. 1971). In fact, most of the information about chloroplast 
biogenesis has been obtained in the studies with species such as wheat, oat and 
barley (see Chapter 1). Functional chloroplasts from these cereals have traditionally 
been isolated from protoplasts. However, this method is obviously not suitable for 
the isolation of etioplasts and other developing plastids which may undergo 
profound changes during the enzymic digestion period. On the other hand, the 
mechanical disruption method is quick but there is no published information for the 
isolation of functional plastids from these species by this method. 
A simple mechanical method for the isolation of functional etioplasts and 
chloroplasts from primary leaves of oat had been developed successfully and 
described in this chapter. For convenience, the method for the isolation of both 
spinach and pea chloroplasts is also described. The photosynthetic properties of oat 
I· 
1, 
/j 
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chloroplast preparations were examined and compared with chloroplasts isolated 
from protoplasts of oat and wheat. 
4.2 Materials and Methods 
4.2.1 Plant Materials 
Oat seedlings were grown in normal day /night cycle in a growth cabinet as 
described in Chapter 2. 
Spinach (Spinacea oleracea L.) seeds were germinated in vermiculate and 
transferred to nutrient solutions (Hoagland and Amon) contained in square plastic 
trays which were aerated continuously in a glasshouse (20 °C day/15 °C night) under 
natural sunlight. 
Pea (Pisum sativum L., cultivar, green feast) plants were grown under the 
identical conditions as for oat. Leaves from 2-3 weeks old seedlings were used for 
chloroplast isolation. 
4.2.2 Mechanical Disruption Methods for Plastid Isolation 
4.2.2.1 Etioplasts 
Oat etioplasts were isolated only from the upper most 5 cm etiolated lamina 
of the primary leaves of 10-day-old seedlings. Eighty grams of lamina were cut into 
about 5 mm segments and blended in 320 ml semi-frozen blending medium 
(EBMoat*). Blending was carried out by two 2-s burst on a Polytron homogenizer 
(Kinematica, PT 10/35, Switzerland) at 60% line voltage. The homogenate was 
squeezed through 1 layer of Miracloth (Calbiochem) and 4 layers of cheesecloth, 
then passed through another 4 layers of cheesecloth and 1 layer of nylon sheet (50-
µm apertures). The filtrate was then centrifuged in Sorvall Superspeed Bench 
Centrifuge (SS-3, Automatic) with a SS-34 angle rotor at 3000 rpm (1080 g) for 1 
min. The pellet (F1) was resuspended in 6 ml wash medium <EWMoat). A 3-ml 
*For compositions of all media used for isolation and resuspension of plastids, and 
media for assay of photosynthesis of chloroplast preparations, please see Appendix 
ID. 
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aliquot was loaded onto a Percoll (Phannacia) step-gradient (8 ml 20% Percoll/1 ml 
70% Percoll in EWMoat without Na-ascorbate, DTT and BSA, pH 7.6) and 
centrifuged in a swing-head rotor (Sorvall HB-4) for 1 min at 5500 rpm (5000 g). 
The band in the gradient interface was collected and washed in 30 ml EWMoat, pH 
7.6. Intact etioplasts were spun down in the HB-4 rotor at 2000 rpm (650 g) for 70 s 
and the pellet (F2) was resuspended in 1 ml EWMoat without BSA, pH 7 .6. If the 
etioplast preparation was used for metabolite transport measurements in the SDL 
system, the sorbitol concentration in the medium was changed to O .25 M (plastid 
intactness was not affected by the change of sorbitol concentration). All isolation 
procedures were carried out at 4 °C under a dim green safe light. 
Catalase and cytochrome C oxidase (for assay methods, see Appendix I), 
marker enzymes for peroxisomes and mitochondria respectively, were not detectable 
in the preparation. The intactness of etioplasts was about 90% as determined by a 
Rubisco latency assay (see Appendix IV). Figure 4.1 shows a representative 
electron micrograph of an etioplast pellet isolated by this method, showing that the 
etioplasts were intact and possessed the features of etioplasts observed in etiolated 
leaves (Chapter 1 ). 
4.2.2.2 Oat Chloroplasts 
The upper most 5 cm of the lamina of 6-day-old normal light-grown 
seedlings showed rates of photosynthetic 02 evolution in a range of 235 to 320 
µmol·mg-1 Chl-h-1 and were used for chloroplast isolation. The leaf segments were 
blended and the homogenate was filtered as described for etioplast isolation above. 
The filtrate was centrifuged in a swing-head rotor (Sorvall HB-4) for 30 s at 5000 
rpm (4080 g). · The pellet (F1) was resuspended in 4 ml wash medium (CWMoat, see 
Appendix Ill). A 2-ml aliquot was layered over 3 ml of 15% Percoll in a medium 
containing 0.33 M sorbitol, 1 mM EDTA, 1 mM MgCl2 and 40 mM Tricine, pH 7.6 
and then centrifuged in the same rotor at 3500 rpm (2000 g) for 25 s. The pellet (F2) 
was resuspended in a minimum volume of standard resuspension medium (CR.Moat, 
see Appendix III) and used directly. If the chloroplast preparation was used for 
transport measurement in the SDL system, the sorbitol concentration in 
Figure 4.1 An electron micrograph of a representative preparation of oat 
etioplasts isolated from etiolated primary leaves of 10-day-old seedlings 
by the mechanical disruption method. 
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CRMoat was changed to 0.25 M. All procedures were carried out at 4 °C and 
chloroplasts could be isolated by this procedure in less than 20 min. 
4.2.2.3 Spinach and Pea Chloroplasts 
Spinach and pea chloroplasts were isolated by a similar procedure. About 20 
g leaves were blended (as for oat) by the Polytron homogenizer in 250 ml blending 
medium (CBMspinach, see Appendix III). After filtering through one layer of 
miracloth and four layers of cheesecloth, the filtrate was centrifuged in a Sorvall SS-
34 rotor (5000 rpm x 30 s with hand stop). The pellet (F1) was resuspended in about 
4 ml wash medium (CWMspinach, see Appendix III), layered over 3 ml of 25% 
Percoll in a medium containing 0.33 M sorbitol, 1 mM EDTA, 1 mM MgCI2 and 40 
mM Hepes (pH 7.6), and spun in an HB-4 rotor at 2500 rpm for 90 s. The pellet (F2) 
was resuspended in minimum volume of standard resuspension medium 
(CRMspinach, see Appendix ill) and used directly. If the preparation was used for 
uptake measurement in the SDL system, the sorbitol concentration was changed to 
0.25 M. All isolation procedures were carried out at 4 °C. 
4.2.3 Chloroplast Isolation from Protoplasts 
Protoplasts were isolated from oat and wheat primary leaves by a 
modification of the method described by Edwards et al. (1978a). About 10 g hand-
cut leaf segments (0.5 to 1 mm) were digested in an enzyme medium (Appendix n 
for 2-3 hours at 25-30 °C under illumination (100 µmol photons.m-2.s-1). At the end 
of the digestion period the leaf segments were washed three times with 20-ml 
sorbitol-medium (0.5 M sorbitol, 1 mM CaCl2, 5 mM MES, pH 6.0). The released 
protoplasts were collected and pooled and purified by floatation centrifugation in a 
sucrose and sorbitol step-gradient: 
Protoplasts were resuspended in 5 ml 0.5 M sucrose medium containing 5 
mM MES (pH 6.0) and 1 mM CaCI2 [8% (w/v) Dextran (T40, 
Pharmacia) was included in the medium for oat but not for wheat 
protoplasts]. On top of this was layered 2 ml of the same sucrose 
medium without Dextran and then 1 ml of sorbitol-medium (see above). 
The band in the sucrose-sorbitol medium interface was collected after 
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spinning 5 min in HB-4 rotor at 250 g, and diluted with 1 part of sorbitol-
medium. After centrifugation at 250 g for 2 min in the same rotor, the 
purified protoplast pellet was resuspended and stored in minimum 
volume of the same sorbitol-medium on ice. Protoplasts prepared as 
above were stable for more than 10 hours but were usually used within 6 
hours after isolation. 
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Preparation of chloroplasts from protoplasts was as described (Edward et al. 
1978a). Protoplasts were diluted 1 :9 in CRMp medium (see Appendix III) to give a 
final concentration of about 0.2 mg Chl/ml. This protoplast suspension was forced 
through a ny Ion net (20 µm apertures) fitted to a syringe 4 times to release the 
chloroplasts. This preparation was centrifuged in a HB-4 rotor (90 s, 250 g) to pellet 
the chloroplasts which were resuspended in the same medium and used directly for 
I· assays of photosynthetic activity. 
4.2.4 Other Methods 
Measurement of photosynthetic activity in chloroplasts was made 
polarographically at 20 °C with a Clark-type 02 electrode (Hansatech Ltd., England) 
in a total volume of 0.8 ml standard assay media (SA.Mm and SAMp respectively for 
chloroplasts isolated by mechanical disruption and from protoplasts, see Appendix 
III). Chloroplasts were normally preincubated for 3 min in the dark before the light 
(1200 µmol photons·m-2-s-1) was turned on. 
Chloroplasts intactness as determined by ferricyanide-dependent 0 2 
evolution before and after osmotic shock (Walker 1980) was 70% to 80% for those 
isolated by mechanical disruption, and more than 90% for those isolated from 
protoplasts. 
4.3 Photosynthetic Properties of Chloroplast Preparations 
Chloroplasts isolated from protoplasts of wheat and sunflower had rates of 
CO2-dependent 02 evolution of 44 to 176 µmol·mg·l Chl-h-1, generally long 
induction time and a strong requirement for EDTA and NaHC03 (Edwards et al. 
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1978a, 1978b; Leegood & Walker 1979). These properties were different from 
those obtained for pea and spinach chloroplasts isolated by mechanical methods 
(Avron & Gibbs 1974; Cockburn et al. 1968; Lilley et al. 1973; Stankovic & Walker 
1977). 
In order to understand whether these differences were due to species 
differences or caused by the different isolation media and procedures used, the 
photosynthetic properties of oat chloroplasts isolated by the simple mechanical 
disruption method presented above were examined and compared with chloroplasts 
isolated from protoplasts of oat and wheat. 
4.3.1 Photosynthetic Activity and Induction Time 
Figure 4.2A shows that oat chloroplasts isolated by the mechanical method 
could attain high rates of CO2-dependent 02 evolution at both pH 7.6 (trace a) and 
I· pH 8.4 (trace b). Usually the activity was higher than 100 µmol·mg-1 Chl·h·l when 
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Figure 4.2 Photosynthetic 0 2 evolution by oat chloroplasts isolated by mechanical disruption 
from leaves (A) and by enzymic digestion from protoplasts (BJ. Fourteen and 20 µg Chl were 
used in A and B, respectively. The pHs in assay media for chloroplasts were as indicated. 
Photosynthetic activity of chloroplasts in A and B were assayed in SAMm. and SAMp, 
respectively (see Appendix III). Photosynthetic activity of protoplasts (trace a, BJ was assayed in 
0. 7 M sorbitol, 5 mM CaCZ2, 10 mM NaHC03, 50 mM Tricine-KOH (pH 7.6), and 600 units 
(Sigma) catalase. Arrows indicate the start of illumination, and numbers along the traces are 
rates of 02 evolution in µmol·mg-1 Chl.h-1. 
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isolated and assayed by the standard procedures. The induction period, as defined 
by Edwards et al. (1978a), was between 0.5 to 2 min. Two hours after isolation, the 
measured photosynthetic activities in such preparations decreased only 14% to 20%. 
Sodium ascorbate was found to be of benefit in stabilizing the photosynthetic 
capacity as was reported for wheat chloroplasts (Leegood & W al.ker 1979). For 
comparison, photosynthetic -activity of chloroplasts prepared from protoplasts was 
also measured (Fig. 4.2B). The photosynthetic activity was higher (51 % ) at pH 7.6 
(trace b) than pH 8.4 (trace c), but the induction time was longer at the lower pH: 
4. 7 min at pH 7.6 and 1.6 min at pH 8.4. 
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Figure 4.3 Effects of the addition of DHAP (0.2 mM) to the assay medium (e) and EDTA + 
NaHC03 (both 10 mM) to the resuspension (CRM0 a.t) medium (.6.) on the rate (A) and the 
induction time (BJ of photosynthesis in oat chloroplasts (16 µg Chl) isolated from leaves by the 
mechanical disruption method. All assays were done in SAMm (see Appendix III). The 
induction time was defined as Edwards et al. (1978a, 1978b). 
The effect of pH on photosynthesis and induction time were examined in 
mechanically isolated chloroplasts. Figure 4.3A shows that the pH optimum was 7.6 
for photosynthetic 02 evolution in oat chloroplasts isolated by the mechanical 
disruption. In contrast, resuspending the chloroplasts in CR.Moat plus 10 mM of 
11 
j'. 
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EDTA and 10 mM NaHC03 suppressed the activity at all pH examined. The 
addition of DHAP to the assay medium broadened the pH response, but decreased 
the photosynthetic activity determined at pH 7 .6. The induction time was also found 
to be affected by the assay pH (Fig. 4.3B); it decreased from 3.5 to 0.4 min when the 
pH was increased from 7 .2 to 8.4 for chloroplasts resuspended and assayed in 
standard media. The addition of DHAP to these chloroplast preparations shortened 
the induction time determined at pH 7 .2 but the addition of EDTA and N aHC03 to 
the resuspension medium (CRMoaJ had little effect on the induction time over the 
whole pH range examined. 
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Figure 4.4 Effect of pH on Rubisco activity in oat chloroplasts isolated from leaves by the 
mechanical disruption method. Chloroplasts were resuspended in CRMoat (0, e) or CRMoat 
plus 10 mM EDTA and 10 mM NaHC03 (6, A). A 0.02-ml aliquot was transferred to 0.68 
ml pH-adjusted CRMoat plus 0.05% Triton X-100. The nonactivated activity was measured 
(' immediately and the activated activity was measured after incubation with 20 mM MgCl2, 20 
I. mM NaHC03 and 0.05 mM 6-phosphogluconate for 10 min at 20 °C. The activity was 
determined at 20 °C as outlined in Appendix I. 
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It has been suggested that the shorter induction time observed at higher pH 
was due to the activation of enzymes such as Rubisco (Edwards et al. 1978a). 
However, this was not supported by the results in Figure 4.4 which shows that the 
activation status of Rubisco in oat chloroplast preparations did not change greatly 
~ between pH 7 .2 to 8.4. The enzyme activity without activation in isolated 
chloroplasts was less than 5 % of the fully activated activity. Interestingly, the fully 
activated rate of Rubisco decreased dramatically above pH 8.0 when chloroplasts 
were resuspended in the CRMoat, but not in CRMoat plus 10 mM EDTA and 10 mM 
NaHC03. The reasons for this response are not known. 
4.3.2 Effects of Pi 
Photosynthesis in isolated chloroplasts requires Pi for ATP synthesis during 
photophosphorylation (Stankovic & Walker 1977; Walker 1980). Figure 4.5 shows 
that the photosynthetic response of mechanically isolated oat chloroplasts to Pi was 
affected by both the pH and the EDTA concentration in the resuspension and assay 
media. When chloroplasts were isolated in standard media, maximum rates of 
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( Figure 4.5 Effect of Pi on photosynthetic activity in oat chloroplasts isola'ted from leaves by 
I. mechanical disruption. Chloroplasts (14 µg Chl) were resuspended either in CRMoat (see 
I.' 
I . 
Appendix III), pH 7.6 (A) or CRMoat plus 10 mM EDTA and 10 mM NaHC03, pH 8.4 (B). 
Assays were done in SAMm (see Appendix III) at pH 7.6 (0) or pH 8.4 (e). 
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photosynthesis were observed between 0.2 to 0.3 mM Pi at pH 7.6, and 0.1 to 0.25 
mM Pi at pH 8.4 (Fig. 4.5A). The photosynthetic activity in these chloroplast 
preparations was not highly sensitive to increasing Pi concentration. At 2 to 3 mM 
Pi, the activity measured was still about half of the maximum obtained at 0.2 mM Pi 
( data not shown) and complete inhibition was sometimes not observed even at 10 
mM Pi. Figure 4.5A also shows that the profile of photosynthetic response to Pi was 
not affected by raising the pH in the assay medium to pH 8.4, even though the rates 
at pH 8.4 were only about half of those at pH 7.6. 
Changing the resuspension medium from CRMoat, pH 7.6 to CRMoat plus 10 
mM EDTA and 10 mM NaHC03, pH 8.4 (Fig. 4.5B) greatly affected the 
photosynthetic response to Pi assayed in standard assay medium (SAMm) at pH 7.6 
(compare Fig. 4.5B with Fig. 4.5A). The photosynthetic activity assayed at pH 7.6 
decreased dramatically above or below the optimal Pi concentration, e.g. 
photosynthesis at 0.3 mM Pi was only 16% of that at 0.1 mM Pi (Fig. 4.5B). In 
contrast, the response obtained at pH 8.4 (Fig. 4.5B) was qualitatively similar to the 
results in Figure 4.5A. 
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Figure 4.6 Effect of Pi on photosynthetic activity in oat (20 µg Chl) (Q)_ and wheat (18 µg 
Chl) (e) chloroplasts isolated from protoplasts afier enzymic digestion. Photosynthesis was 
determined in SAMp (see Appendix III) for both species. 
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Chloroplasts isolated from oat or wheat protoplasts were also sensitive to 
changes in Pi concentration (Fig. 4.6). The optimal Pi concentration was 0.1 to 0.2 
mM and the photosynthetic activity decreased rapidly at higher Pi concentrations. In 
general, the photosynthetic responses to Pi in oat chloroplasts isolated by the 
mechanical method were similar to those obtained for chloroplasts (both oat and 
wheat) isolated from protoplasts in my experiments (compare Fig. 4.5A with Fig. 
4.6). 
4.3.3 Effects of Chelators and Divalent Cations 
EDT A was reported to be essential for high photosynthetic activity in wheat 
chloroplast isolated from protoplasts (Edwards et al. 1978b ). However, my results 
(Fig. 4. 7) show that both oat and wheat chloroplasts, isolated either by mechanical 
disruption method or from protoplasts, attained high rates of photosynthesis at pH 
j'. 7.6 (Fig. 4.7A) or pH 8.4 (Fig. 4.7B) in the absence of EDTA and MgCI2 in the 
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Figure 4.1 Effect of adding EDTA in the absence of divalent cation in the cusay medium on 
1., photosynthesis in chloroplasts isolated by different methods. Assays were initiated in the SAMm 
(for mechanical method) or SAMp (for chloroplasts from protoplasts) but without MgCl2 and 
EDTA at either pH 7.6 (A) or pH 8.4 (B). Symbols are explained in Figure 4. 7A. 
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assay mediwn. Highest photosynthetic activities were obtained in oat chloroplasts 
isolated from protoplasts. The addition of EDTA into the assay medium decreased 
photosynthesis at both pHs. Oat chloroplasts isolated from protoplasts were found 
to be the most sensitive, and oat chloroplasts isolated by the mechanical method the 
least sensitive to EDT A inhibition. The addition of 10 mM EDT A inhibited 
photosynthesis in the former by about 50% at both pH and in the latter by about 28 % 
at pH 7.6. 
In oat chloroplasts (isolated by the mechanical method), the addition of only 
1 mM MgCl2 in the absence of EDTA inhibited photosynthesis by 92% (Fig. 4.8). 
Under these conditions the subsequent addition of high concentration of EDTA 
could only partially restore photosynthesis; 10 mM EDTA restored photosynthetic 
activity to only 40% of the control. Similar to wheat chloroplasts (Edwards et al. 
1978b), CaCl2 (1 mM) also strongly inhibited photosynthesis in oat chloroplasts 
(70%) and EGTA (5 mM) did not relieve .this inhibition (data not shown). These 
results indicate that the requirement of EDTA ( and EGTA) in photosynthesis in 
chloroplasts is directly associated with the inhibitory effect of divalent cations. 
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Figure 4.8 Effect of the addition of EDTA in the presence of MgCl2 (1 mM) on photosynthesis 
in oat chloroplasts isolated by the mechanical disruption method. Chloroplasts (16 µg Chl) 
were preincubated in SAMm minus EDTA at pH 7.6 for 3 min before illumination. Control 
activity in SAMp without EDTA. and MgCl2 was 107.1 µmol·mg- 1 Chl.h-1. 
! . 
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4.3.4 Aggregate Effects of pH and EDT A in the 
Resuspension and Assay Media 
58 
The effect of pH and EDT A was initially examined in oat chloroplasts 
isolated by the mechanical disruption method. Table 4.1 shows that the highest 
photosynthetic activity was obtained when chloroplasts were resuspended and 
assayed in standard media (CR.Moat and SAMm with 1 mM EDTA at pH 7.6). The 
addition of 10 mM EDTA or an increase of pH to 8.4 in the assay medium strongly 
inhibited photosynthesis (69% and 41 % respectively). When chloroplasts were 
resuspended in CR.Moat plus 10 mM EDTA and 10 mM NaHC03 at pH 8.4, the 
photosynthetic activity declined to about 40% of the maximum rate obtained in 
CRMoat at pH 7 .6, and remained relatively unaffected by either high pH or high 
EDTA in the assay medium. Compared to the result in Fig. 4.7 where EDTA was 
added after steady photosynthetic activity was achieved, it was obvious that the 
addition of EDTA to the resuspension and assay media before the onset of 
photosynthesis was more inhibitory than when it was added during photosynthesis. 
Table 4.1 Effect of changes in pH and EDTA concen'tration in the resuspension (CRM0 aJ and 
assay (SAM,,J media on photosynthesis in oat chloroplasts (14 µg Chl) isolated directly from 
leaves by mechanical disruption. 
Resuspension 
pH: 
medium 
[EDTA]: 
CR.Moat 
CR.Moat plus 10 mM of 
EDTA and NaHC03, pH 8.4* 
7.6 
lmM 
144.5 
57.6 
Assay medium 
8.4 
lOmM lmM lOmM 
µmol ·mg-1 Chl-h-1 
44.8 84.9 77.7 
57.6 52.6 50.1 
*This was the most effective medium used for chloroplasts isolated from wheat protoplasts 
by Edwards et al (1978a, 1978b). 
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These results are different from those previously reported for wheat 
chloroplasts isolated from protoplasts (Edwards et al. 1978a, 1978b). This 
discrepancy could be caused by the differences in procedures and media used in the 
isolation. Hence, I have re-examined the effects of pH and EDT A in isolation, 
resuspension and assay media in chloroplasts isolated from protoplasts of both oat 
and wheat (Table 4.2). The media and procedures of chloroplast isolation from 
these two species were the same. The media used by Edwards et al. ( 1978a, 1978b) 
were used to compare with the standard media in the present study ( see Appendix 
Table 4.2 Effects of changes in pH and EDTA concentration in the resuspension (C&\1 pJ and 
assay (SAMp) media on photosynthesis in oat (20 µg Chl) and wheat (18 µg Chl) chloroplasts 
isolated from protoplasts. The control activities, measured by standard procedures as described 
in this chapter, were 97.1 and 106.9 µmol·mg-1 Chl-h-1 for oat and wheat chloroplasts, 
respectively. The temperature during assay was 20 °C for oat chloroplasts and 25 °C for wheat 
chloroplasts. 
CRMp 
pH [EDTA] 
Oat chloroplasts: 
7.6 1 
7.6 10 
8.4 1 
8.4 10* 
Wheat chloroplasts: 
7.6 
8.4 
1 
10* 
pH: 
[EDTA]: 
7.6 
lmM 
100 
105 
101 
88 
100 
97 
SAMp 
lOmM 
% control 
81 
94 
79 
76 
96 
94 
8.4 
lmM 
66 
61 
57 
50 
85 
87 
lOmM 
70 
61 
57 
48 
85 
90 
*This was the most effective medium used for chloroplasts isolated from wheat pro top lasts 
by Edwards et al (1978a, 1978b). 
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III). Since the isolation and resuspension media used were the same solution, for 
simplicity, only the resuspension medium will be referred to. In oat chloroplasts 
isolated from protoplasts, the photosynthetic activity was not greatly affected by 
changes in EDTA concentration and pH in the resuspension medium. Rather, the 
activity appeared to be mainly affected by changes in EDT A concentration and/or 
pH of the assay medium. Compared to controls, high EDTA concentration (10 mM) 
and pH (pH 8.4) in assay medium greatly decreased photosynthesis (6-52%). 
Photosynthetic activities measured in pH 7.6 were invariably higher than those 
measured at pH 8.4. At this higher inhibitory pH, no apparent effect of high EDTA 
was observed in both oat and wheat chloroplasts, even though the activities in wheat 
chloroplasts at pH 8.4 were only marginally less than those at pH 7 .6. 
Interestingly, high EDT A concentration and pH in the assay medium had 
little effect on the photosynthesis of wheat chloroplasts isolated from pro top lasts 
(Table 4.2). Furthermore, contrary to the earlier reports of Edwards et al. (1978a, 
1978b), the addition of 10 mM EDTA (and 10 mM NaHC03) to the resuspension 
medium did not affect the photosynthetic activity. 
4.3.5 Effect of PPi and ADP 
Pyrophosphate was found to be of benefit in both the preparation and assay of 
photosynthetic activity in spinach (Cockburn et al. 1968; Lilley et al. 1973), but it 
had an inhibitory effect in pea (Robinson & Wiskich 1977a, 1977b; Stankovic & 
Walker 1977) and wheat (Edwards et al. 1978a) chloroplasts. In oat chloroplasts 
PPi appeared to be beneficial only in the grinding medium (data not shown). 
However, the addition of PPi to the assay medium, containing 0.25 mM Pi, 
decreased photosynthetic 02 evolution of oat chloroplasts isolated by the mechanical 
method (Fig. 4.9). Photosynthesis was inhibited by 33% and 48% by 1 mM PPi at 
pH 8 .4 and pH 7 .6, respectively. If Pi was absent, PPi showed a stimulatory effect 
below 0.5 mM, but the highest rate obtained (in the presence of 1 mM MgCl2 for 
pyrophosphotase activity) was still far below that achieved with 0.25 mM Pi alone. 
These results suggest that PPi could not replace Pi for photosynthesis in these oat 
chloroplast preparations. Preincubation with PPi in the dark also inhibited 
photosynthesis (Table 4.3). The inhibition increased with the length of 
i: 
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Figure 4.9 Effect of PPi. on photosynthesis in isolated oat chloroplasts (16 µg Chl). Assays 
were done in SAMm (with 0.25 mM Pi) at pH 7.6 (0) and pH 8.4 (e), or SAMm without Pi at 
pH 7.6 (6). 
Table 4.3 Effects of dark preincubation with PPi (5 mM) and ADP (0.2 mM) on 
photosynthetic 02 evolution in oat chloroplasts (22 µg Chl) isolated by mechanical 
disruption method. Standard media and procedures were used. The rate in control 
treatment without PPi and ADP was 94.5 µmol· rng-1 Chl.h-1. 
. Preincubation time 
(min) 
0 
2 
6 
PPi 
25 
55 
85 
Inhibition ( % ) 
PPi+ADP 
18 
17 
25 
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preincubation. Like pea and wheat chloroplasts (Edwards et al. 1978a; Robinson & 
Wiskich 1977a, 1977b; Stankovic & Walker 1977), the addition of 0.2 mM ADP 
during the preincubation could partially reverse this inhibition (Table 4.3), indicating 
that the inhibitory effect of PPi may be a result of depletion of ATP/ADP pool in the 
stroma (Robinson & Wiskich 1977a, 1977b). 
4.4 Discussion 
Chloroplasts isolated from oat leaves by the mechanical method described in 
this study showed high rates of CO2-dependent 02 evolution (100 to 150 µmol·mg-1 
Chl.h-1). There was no absolute requirement for EDTA, MgCI2, or PPi in the assay 
medium, although 1 mM EDTA and 1 mM MgCl2 were routinely added to the 
medium. The optimum assay conditions were pH 7.6 (Fig. 4.3) and 0.2 to 0.3 mM 
Pi (Fig. 4.5). The induction time for steady photosynthesis at pH 7.6 was less than 2 
min (Fig. 4.3B). 
Chloroplasts with high rates of CO2-dependent 02 evolution had also been 
successfully isolated from protoplasts of leaves from sunflowers (Edwards et al. 
1978b), from young (Edwards et al. 1978a,1978b) and flag (Leegood & Walker 
1979) leaves of wheat, and other species (Rathnam & Edwards 1976). However, 
these wheat and sunflower chloroplast preparations showed different photosynthetic 
properties from those reported for spinach and pea chloroplasts (A vron & Gibbs 
1974; Cockburn et al. 1968; Lilley et al. 1973; Stankovic & Walker 1977) and those 
for oat and wheat chloroplasts reported in the present study. These differences 
included: 
(i) an optimum pH of about 8.4 for photosynthesis in wheat and sunflower 
chloroplasts (Edwards et al. 1978a; Leegood & Walker 1979; Rathnam 
& Edwards 1976) versus a pH optimum of 7.6 in this study; 
(ii) considerable variations in the induction time (2 to 16 min) (Edwards et 
al. 1978b); 
(iii) a requirement of high concentration of EDTA and NaHC03 for 
optimum photosynthetic activity during organelle preparation as well as 
in assay medium (Edwards et al. 1978a, 1978b); and 
1 
I 
' 
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(iv) extreme sensitivity to inhibition by Pi concentrations above an optimum 
Pi concentration of 0.2 mM at either pH 7.6 (Edwards et al. 1978b) or 
pH 8.4 (Leegood & Walker 1979). Photosynthesis in these wheat 
chloroplast preparations was almost completely inhibited at about 1.5 
mM Pi (Leegood & Walker 1979). 
In this chapter, I also have examined the photosynthetic properties of oat and 
wheat chloroplasts isolated from protoplasts. The only results which were similar to 
earlier reports (Edwards et al. 1978b; Leegood & Walker 1979) were the shorter 
induction time obtained at a higher pH (Figs. 4.2 and 4.3B ), and the sensitivity of 
photosynthesis to inhibition by Pi concentrations above an optimum Pi concentration 
of 0.2 mM (Fig. 4.6). There was no evidence from my data to support a requirement 
for EDTA (and NaHC03 in resuspension medium) for high photosynthetic activities 
in these chloroplasts preparations. On the contrary, the addition of high EDT A 
concentration either in the assay or resuspension medium was found to decrease 
photosynthesis. Indeed, the highest photosynthetic activities were obtained in both 
oat and wheat chloroplasts isolated from protoplasts using isolation, resuspension, 
and assay media with only 1 mM EDTA at pH 7.6 (Table 4.2). Furthermore, oat 
chloroplasts isolated directly from l~aves by the mechanical disruption showed high 
photosynthetic activities (>100 µmol·mg-1 Chl.h-1) even when EDTA and MgCl2 
were not present in the assay medium (Fig. 4.7). These chloroplast preparations 
were also found to be relatively insensitive to Pi inhibition (Fig. 4.5A). This Pi 
response is similar to the results reported for spinach and pea chloroplasts (A vron & 
Gibbs 1974; Cockburn et al. 1968; Lilley et al. 1973; Stankovic & Walker 1977). 
These results indicate that the extreme sensitivity to Pi concentrations of 
chloroplasts isolated from protoplasts was evidently affected by the media and 
procedures used. Based on NMR study of intracellular Pi distribution, Foyer and 
Spencer (1986) had suggested that the minimum cytoplasmic Pi concentration in 
leaves for optimal photosynthesis was 5 to 10 mM. Therefore, it is tempting to 
conclude that the Pi response in the present and other studies on pea and spinach 
chloroplasts (Avron & Gibbs 1974; Cockburn et al. 1968; Lilley et al. 1973; 
Stankovic & Walker 1977) is more physiologically characteristic of highly active 
and functional chloroplasts. 
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The extent of the EDTA requirements observed in various chloroplast 
preparations might be related to and reflect the different contents of cations present 
in the plant materials used for chloroplast isolation. In the presence of divalent 
cations, EDT A was needed for optimal photosynthesis and addition of EDTA could 
partially restore photosynthetic activity inhibited by MgCl2 (Fig. 4.8). On the other 
hand, EDTA was not needed when divalent cations were not present in the assay 
medium. In fact, EDTA inhibited photosynthesis under these conditions (Fig. 4.7). 
Presumably, optimal photosynthesis requires only the amount of EDT A that was 
apparently needed to overcome the inhibition by divalent cations. Further addition 
of EDTA beyond this point would inhibit photosynthesis (Tables 4.2 and 4.3). 
Because divalent cations are not expected to be able to permeate the 
chloroplast, Edwards et al. (1978b) had proposed that the inhibition by divalent 
cations on photosynthesis might be the result of their effect on the phosphate 
translocator. The impaired phosphate translocator would lead to the accumulation or 
depletion of triose phosphate in the chloroplast, which in tum could affect the 
photosynthetic performance of the chloroplast. Addition of chelators such as EDTA 
could presumably prevent the binding of divalent cation on to the envelope and thus 
ensure the proper function of the translocator. However, evidence for this proposal 
is still not available. Moreover, does the changes in sensitivity of photosynthesis to 
Pi (the substrate for phosphate translocator) by the addition of 10 mM EDTA and 
NaHC03 in the media (Fig. 4.58) or by enzymic digestion procedure (Fig 4.6), 
relate to the changes of the translocator properties? 
In conclusion, chloroplasts with high photosynthetic capacity can be isolated 
by mechanical disruption in cereals such as oat. The photosynthetic properties of 
these oat chloroplast preparations were similar to those of spinach and pea 
(Robinson & Wiskich 1977a; Stankovic & Walker 1977; Walker 1980) and wheat 
chloroplasts used in the present study but not to those reported in earlier studies 
(Edwards et al. 1978a, 1978b; Leegood & Walker 1979). The evidence in this study 
indicates that many of these differences were possibly associated with the enzymic 
digestion procedures used in the isolation of protoplasts. Therefore, the mechanical 
disruption method is always preferred to that using protoplasts isolated after 
prolonged enzymic digestion. 
'I 
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CHAPTERS 
Dicarboxylate Transport in Etioplasts and Chloroplasts: 
The General Dicarboxylate (Dct) and the 2-0G Translocators 
5.1 Introduction 
The reassimilation of photorespiratory NH3 in the light via the GS/GOGAT 
pathway requires the transport of glutamate and 2-0G across the chloroplast 
envelope. This transport represents "the largest and most important fluxes of 
dicarboxylates across the chloroplast envelope" (Flugge et al. 1988) and is mediated 
by specific translocators present in the inner envelope membrane. The importance 
of such dicarboxylate transport is best highlighted in studies with high CO2-
requiring photorespiratory mutants. Arabidopsis and barley mutants defective in 
chloroplast dicarboxylate transport were found to be inviable under photorespiratory 
conditions (Somerville & Ogren 1983; Wallsgrove et al. 1986). 
The chloroplast inner envelope membrane contains a specific translocator for 
general dicarboxylate transport (Lehner & Heldt 1978). There is also good evidence 
for the presence of a specific translocator for 2-0G transport in spinach (Flugge et 
al. 1988; Woo et al. 1984, 1987a) and pea (Proudlove et al. 1984) chloroplasts, a 
glutamine translocator in Arabidopsis (Somerville & Ogren 1983) and possibly also 
an aspartate translocator (W emer-W ashbume & Keegstra 1985). Leaf cells contain 
a number of dicarboxylates, such as malate, succinate, fumarate, aspartate and 
glutamine. These dicarboxylates have been shown to s_trongly inhibit 2-0G and 
glutamate transport in isolated chloroplasts (Flugge et al. 1988; Lehner & Heldt 
1978). Presumably, plants have evolved ways to coordinate the in vivo transport of 
these metabolites for different requirements. 
The characterization of the individual trans locators is important for a 
understanding of their functions in chloroplast metabolism. This has been achieved 
to some extent but the lack of highly specific inhibitors has made it difficult to 
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distinguish the relative contributions of the different translocators involved in 
dicarboxylate transport during photorespiratory NH3 assimilation. 
In this chapter, the characteristics of dicarboxylate transport in etioplasts and 
chloroplasts of oat were reexamined by the SDL system. The results indicated the 
presence of at least 2 translocators, i.e. the general dicarboxylate (Oct) and the 2-0G 
translocators, for the transport of glutamate, malate, 2-0G, and aspartate. Methods 
were also developed to determine most accurately the kinetic properties of the 2-0G 
and the Oct translocators. 
5.2 Materials and Methods 
Growth of etiolated and green oat seedlings in growth cabinets were 
described in Chapter 2 (section 2.2.1 ). Activities of metabolite transport in plastids 
were measured at 20 °C and pH 7.6 in either the SL or SOL systems (Chapter 3). 
Chloroplasts and etioplasts were isolated by mechanical methods (Chapter 4 ). 
5.3 Results and Discussion 
5.3.1 Time Course of Dicarboxylate Uptake 
Carrier-mediated transport across biological membranes can be grouped into 
facilitated diffusion and active transport, with the distinction between them being 
that active transport results in the accumulation of one substrate against its 
electrochemical gradient on one side of the membrane (Schultz 1980). Empirically, 
they can be distinguished by measuring the time-course of the accumulation of the 
substrate. Figure 5 .1 shows the time course of the uptake of some 14C-labelled 
dicarboxylates in intact oat chloroplasts and etioplasts. 
All dicarboxy lates examined accumulated rapidly in both chloroplasts and 
etioplasts. In chloroplasts (Fig. 5.lA) the half-time of saturated uptake of these 
dicarboxy lates was less than 10 seconds when they were counter-exchanged with the 
same dicarboxy late. This is in agreement with the results obtained in spinach 
chloroplasts (Woo et al. 1987a). The results also suggest that the rate of 
dicarboxylate uptake measured at more than 10 s incubation (as in most previous 
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reports) represents an underestimation of its potential activity. Metabolic conversion 
f 
' 
1 of these dicarboxylate was not expected to occur in the stroma within the time of 
measurement (Barber & Thurman 1978; Lehner & ·Heldt 1978). The internal 
concentrations of all substrates taken up after 52 seconds incubation ( close to 
equilibrium) were above 10 mM. This was 10 times higher than the external 
concentration. The extent of 2-0G accumulation was distinctly greater than all other 
dicarboxylates and the lowest accumulation was observed for glutamate. 
In etioplasts (Fig. 5. IB), glutamate accumulation was almost linear for 30 s. 
Unlike glutamate, malate uptake into oat etioplasts was similar to that into 
chloroplasts with respect to quick saturation. After 52 s incubation, the 
concentration of malate and glutamate accumulated inside oat etioplasts was more 
than 18 and 50 times higher than the surrounding medium. The active transport of 
these metabolites were further examined in the SDL system. 
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Figure 5.1 Time course of uptake of 14C-labelled glutamate, malate, 2-0G and aspartate in 
oat chloroplasts and etioplasts isolated by the mechanical method. The concentration of 
[14C]substrates was 1 mM for chloroplast uptake (A) and 0.2 mM for etioplast uptake (BJ. 
Plastids were preloaded with cold substrate before uptake activity was measured in the SL 
system in the dark at 20 °C. 
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5.3.2 Preloading Effects 
Chloroplast studies: 
68 
In oat chloroplasts, [14C]glutamate uptake was not affected to any great 
extent by preloading with either glutamate, malate, 2-0G or aspartate (Table 5 .1 ). 
In other words, changes of the internal dicarboxylate pool did not appear to affect 
this uptake. Apparently, glutamate could counter-exchange with these 
dicarboxy lat es as effectively as with itself. In part, this might also be related to the 
fact that high concentrations of glutamate ( up to 18 mM, measured by an amino acid 
analyzer) were found in freshly isolated oat and spinach chloroplasts. Evidently this 
concentration would be sufficient to support maximal counter-exchange for 2 s (in 
the SDL system) in these chloroplasts. The translocator responsible for this counter-
Table 5.1 Effect of preloading on [14C]dicarboxylate (1 mM) uptake into oat chloroplasts 
(10 µg Chl) isolated by the mechanical method. Uptake activities were measured in the 
dark at 20 °C in the SDL system. Con'trol activity for the uptake of [14C]glutamate was 
45.8 ± 15.8; [14C]malate, 78.5 ± 27.0; [14CJ2-0G, 90.1 ± 24.5; and {14C]aspartate, 51.9 ± 
4. 7 µmol·rng-1 Chl-h-1. Data represent means of 3 different chloroplast preparations done 
in triplicates. 
[14C]Dicarboxylate 
for uptake 
[ 14C]Glutamate 
[14C]Malate 
[14C]2-0G 
[ 14C]Aspartate 
None 
110 
76 
68 
115 
Glu 
100 
59 
58 
117 
Chloroplasts preloaded with 
Malate 2-0G 
Uptake activity(% control) 
107 
100 
98 
123 
130 
90 
100 
91 
Asp 
97 
55 
57 
100 
•.-------------------------------------
' 
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exchange between glutamate and other dicarboxylates is referred to as the "general 
dicarboxy late translocator" or in short "Dct translocator". 
In contrast to glutamate, [14C]malate and [14C]2-0G uptake increased almost 
2-fold in chloroplasts preloaded with malate and 2-0G compared with those without 
preloading or those preloaded with glutamate and aspartate (Table 5.1 ). These 
results were similar to those reported for spinach chloroplasts, where [ 14C]2-0G and 
[14C]malate transport activities in succinate-preloaded organelles were 1.5- to 2.9-
fold greater than those preloaded with glutamate (Flugge et al. 1988). Kinetic and 
inhibitor studies have shown the presence of a 2-0G translocator in chloroplasts 
(Flugge et al. 1988; Proudlove et al. 1984; Woo et al. 1984). This translocator 
transports 2-0G, malate and succinate but not glutamate (Flugge et al. 1988). 
Therefore, in glutamate- and aspartate-preloaded chloroplasts, transport of [14C]2-
0G and [14C]malate can only occur via the Dct translocator, and the increase of 
[14C]2-0G and (14C]malate uptake in chloroplasts preloaded with 2-0G or malate 
could be attributed to the activity of the 2-0G translocator. The lower activity 
measured in chloroplasts without preloading (Table 5 .1) suggests that the content of 
counter ions (2-0G and malate) for the 2-0G translocator was low in freshly 
isolated chloroplasts. 
Aspartate did not appear to be transported via the 2-0G translocator, as 
indicated by a lack of stimulation of aspartate uptake by malate and 2-0G 
preloading (Table 5.1). Conversely, 2-0G and malate uptake in aspartate-preloaded 
chloroplasts were inhibited compared to organelles preloaded with 2-0G or malate. 
Aspartate showed similar effects as glutamate in this preloading experiment and 
appeared to be transported mainly via the Dct translocator. 
Etioplast Studies: 
A transport system(s) for dicarboxy late transport is apparently also present in 
etioplasts (section 5.3.1, Fig. 5.lB; also see Hampp 1978). Experiments using the 
preloading technique show that the etioplasts can accumulate malate, 2-0G and 
glutamate 50 to 135 times higher than the external medium in one min (Table 5.2). 
Glutamate uptake was only 39-51 % of the activity measured for malate and 2-0G in 
etioplasts without preloading. In contrast to chloroplasts, malate and 2-0G uptake in 
etioplasts were not stimulated by preloading the organelles with malate. This 
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suggests that the relative activity of the Oct and 2-0G translocators in etioplasts is 
apparently different from that of chloroplasts. 
Table 5.2 Effect of preloading on [14C]dicarboxylate (0.2 mM) uptake into oat etioplasts (45 
µg protein) isolated by the mechanical method. Uptake activities were measured in the dark at 
20 °C in the SDL system. Concentration of 14C-labelled dicarboxylate in the stroma was 
calculated on the measured stroma space (average 2.4 µl·mg-1 protein) and the amount of 
imported 14C-labelled dicarboxylate in the stroma. Data are the means ± SD (n • 3). 
[14C]Dicarboxylate 
for uptake 
[14C]Glutamate 
[14C]Malate 
[14C]2-0G 
*n.d. = not determined. 
Etioplasts preloaded with 
None Glutamate 
Uptake activity (mM-min-1) 
10.9 + 0.8 12.2 + 1.0 
- -
21.5 + 6.6 17.2 + 0.8 
- -
27.9±6.8 n.d.* 
5.3.3 Concentration Responses and Kinetic Properties 
of Dicarboxylate Uptake 
Malate 
n.d.* 
20.2 ± 2.3 
27.7 ± 12.7 
In order to better understand how these translocators work, I have re-
determined the kinetic constants of the transport of several dicarboxylates in 
substrate-preloaded chloroplasts in the SOL system. Figures 5.2A and 5.2B show 
the concentration responses for transport of some dicarboxylates into oat 
chloroplasts. All of them showed hyperbolic saturation characteristics, indicating 
that the uptake was mediated by a carrier. A similar result was observed for 
[ 14C]malate uptake into oat etioplasts, but the rate was lower and saturation occurred 
at lower substrate concentration (Fig. 5.2C). 
II 
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Figure 6.a Concentration dependence of uptake activity of 14C-labelled glu-tamate (A), malate, 
2-0G and aspartate (BJ in oat chloroplasts, and malate in oat etioplasts (C). Activities were 
measured in the SDL system with substrate-preloaded plastids in the dark at 20 °C. Please note 
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Transport of a dicarboxylate is inhibited by the other dicarboxylates (Lehner 
& Heldt 1978). Despite the complexity caused by the overlapping specificity of 
different translocators, many of the inhibitor studies showed competitive 
characteristics as shown by the 2-0G inhibition on malate uptake in Figure 5.3. 
Table 5.3 summarizes the kinetic parameters for each dicarboxylate uptake 
and also shows the Ki values of dicarboxylates as inhibitors of uptake of other 
dicarboxylates. The highest V max values (about 100 µmol·mg-1 Chl·h-1) were 
obtained for 2-0G and malate uptake. These were about 1.2- to 1.8-fold higher than 
that of glutamate and aspartate uptake. After correcting the temperature factor, these 
values were 2-fold higher than those determined in freshly isolated spinach 
chloroplasts (Lehner & Heldt 1978) but similar to those in substrate-preloaded 
spinach chloroplasts (Flugge et al. 1988). 
Table 5.3 Kinetic parameters of 14C-labelled dicarboxylate transport in oat chloroplasts (10 
µg Chl) measured in the SDL system in the dark at 20 °C at pH 7.6. Chloroplasts were 
preloaded with the transported substrate. The Vma.i: (µmol·mg- 1 Chl,h-1) and K112 (mM) values 
represent means ± SD from 3 experiments, and the Ki from a single experiment. 
14C-labelled Vmax 
dicarboxylate 
Glutamate 87.3 ± 15.0 
Malate 105.1 ± 15.9 
2-0G 95.5 ± 6.4 
Aspartate 62.8 ± 5.6 
2.96 ± 0.29 
0.49±0.11 
0.54 ± 0.20 
0.67 ± 0.11 
Ki(mM) 
Glu Malate 2-0G Asp 
0.37 0.21 0.38 
2.28 0.23 0.70 
3.56 0.37 2.20 
1.93 0.31 0.40 
The data presented here (measured in substrate-preloaded chloroplasts with 
the SDL system) are likely to be a much better reflection of the properties of 
dicarboxylate transport in the organelles than was found by earlier investigators. 
The large variations in V max values between different chloroplast preparations in an 
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earlier study (Lehner & Heldt 1978) may have been caused by differences in 
endogenous dicarboxylate pools in different chloroplast preparations and the 
relatively longer uptake time used (Fig. 5.1; also see Flugge et al. 1988; Somerville 
& Ogren 1983; Woo et al. 1987a). 
Comparison of the K112 and Ki values suggests that these dicarboxylates 
(glutamate, malate, 2-0G and aspartate) shared a common site on the Oct 
translocator. Similar results were obtained by Lehner & Heldt (1978). Within 
experimental error, the K112 of glutamate uptake (2.96 mM) was similar to the K; of 
glutamate for inhibition of malate (2.28 mM), 2-0G (3.56 mM) and aspartate (1.93 
mM) uptake in oat chloroplasts. Glutamate uptake was strongly inhibited by these 
dicarboxylates as indicated by their low Ki values on [I4C]glutamate uptake (Table 
5.3). 
The hypothesis that aspartate is not transported via the 2-0G translocator 
(section 5.3.2; Woo et al. 1987a) was supported by the high Ki of aspartate for 2-00 
uptake (2.2 mM) compared to the K112 value obtained for aspartate uptake (0.56 
mM). The comparable K112 and Ki values of aspartate and glutamate is consistent 
with the view that aspartate was transported via the Oct translocator. Kinetic and 
inhibitor study over a much wider aspartate concentration ( 12.5 mM to 30 mM) have 
provided evidence for the presence of a low and a high affinity aspartate transport 
systems in pea chloroplasts (Wemer-Washbume & Keegstra 1985). No attempt was 
made to repeat such experiments in oat chloroplasts but the Dct translocator 
described here presumably corresponds to the high affinity system in pea 
chloroplasts. 
Because malate and 2-0G transport occurs via both the Dct and the 2-0G 
translocator in substrate-preloaded chloroplasts (see discussion in section 5.3.1), the 
values for [14C]malate and [14C]2-0G uptake in Table 5.3 would presumably be the 
aggregate of the two translocators. These two dicarboxylates were strong 
competitive inhibitors for the uptake of each other (Fig. 5.3). These results are 
generally similar to those reported for spinach chloroplasts (Flugge et al. 1988). 
Hampp (1978) reported a decrease of V max for malate uptake (measured at 0 
~C in a SL system without preloading) during chloroplast development in etiolated 
primary leaves of oat. The value reported for etioplasts was 3.55 mM-min-1, this 
decreased to 2.3 mM·min-1 after 72-h of greening. However, compared to the 
CHAPTER 5 74 
results presented in Table 5.2, these values were very low, even after correcting for 
the temperature difference (Lehner & Heldt 1978). 
The kinetics of malate uptake into oat etioplasts was re-measured here at 20 
~C in substrate-preloaded organelles in the SDL system. From 3 experiments each 
with triplicates, a K112 value of 0.11±0.01 mM (means±SD) and a Vmax value of 
17 .26 ± 0.36 mM.min-1 was obtained. The K112 was similar to the previous report 
(0.14 mM, Hampp 1978), but the V max was about 5-fold higher and after correcting 
for the temperature difference (Lehner & Heldt 1978) it was still 2.5-fold higher. 
The Vmax obtained for oat chloroplasts (Table 5.3) was even higher: 70.1 mM.min-1. 
This was fourfold higher than that for etioplasts. These results were in direct 
contrast to the early report (Hampp 1978). 
The above discrepancy is assumed to be caused by the different methods 
employed. Preloading may be one of the major factors since it increased malate 
uptake in chloroplasts (Table 5.1) but not in etioplasts (Table 5.2). Temperature 
may be another factor. The experiments by Hampp (1978) were done at O °C. The 
inner membrane contains large amount of lipid (the protein/lipid ratio is 0.8, Douce 
& Joyard 1984). Conceivably, the structure and dynamic properties of the 
membrane and translocator protein may be affected by low temperature. 
5.3.4 The 2-0G Translocator 
Despite its importance in photorespiratory NH3 assimilation (Woo et al. 
1984, 1987a, 1987b), the kinetic properties of this translocator have not been 
properly determined. As shown in Figure 5 .4, maximum inhibition of 2-0G uptake 
(41 %) by glutamate was reached at about 5 mM glutamate. This value of inhibition 
could be assumed to represent the percentage of 2-0G transport occurring via the 
Dct translocator in chloroplasts. It is also comparable to the extent of stimulation of 
[14C]2-0G uptake obtained by preloading with 2-0G and malate (Table 5.1). Under 
high concentrations (20 mM) of glutamate, residual 2-0G and malate transport 
would presumably occur primarily via the 2-0G translocator. 
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Figure 5.5 Concentration dependence of [14CJ2-0G uptake via the 2-0G translocator in oat 
and spinach chloroplasts. Chloroplasts were preloaded with 2-0G and the uptake activities 
were measured in the presence of 20 mM glutamate in the SDL system in the dark at 20 °C. 
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I have determined the kinetic properties of the 2-0G translocator in the 
presence of 20 mM glutamate (Fig. 5.5). The estimated K112 and V max values (Table 
5.4) indicate that the 2-0G translocator can quickly transport 2-0G into the 
chloroplast even when the intracellular glutamate concentration is high (Gerhardt & 
Heldt 1984 ). However, since isolated chloroplasts do not normally contain high 
levels of 2-0G and malate compared to glutamate, the in vitro 2-0G import into the 
chloroplast measured would normally occur via the Oct translocator by counter 
exchange of glutamate from the stroma. 
Table 5.4 Kinetic constants for 2-0G transport via the 2-0G translocator in spinach 
and oat chloroplasts. The uptake activities via the 2-0G translocator were determined 
by preloading chloroplast with 2-0G and measuring the activity in the presence of 20 
mM glutamate. 
Chloroplasts 
Spinach 
Oat 
Km 
(mM) 
0.42 
0.75 
Vmax 
(µmol ·mg-1 Chl-h-1) 
147.0 
108.0 
Malate is also a common substrate for both the Oct and the 2-0G 
translocators (section 5.3.1, also see Flugge et al. 1988). During photorespiratory 
NH3 assimilation, malate was postulated to work as a coupling ion for the import of 
2-0G via the 2-0G translocator and the export of glutamate via the Dct translocator 
(Flugge et al. 1988; Woo et al. 1987a, 1987b). Malate transport via these two 
translocators can be distinguished by a similar approach as used above for 2-0G. 
Figure 5.6 shows that uptake of malate via the Dct translocator was saturated at 
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Figure 6.6 Concentration dependence of [14C]malate uptake uia the Dct and the 2-0G 
translocator in spinach (A) and oat (B) chloroplasts. Transport uia the Dct translocator (0) was 
determined in glutamate-preloaded chloroplasts while transport uia the 2-0G translocator (e) 
was measured in 2-0G-preloaded chloroplasts in the presence of 20 mM glutamate. 
Measurements were done in the SDL system in the dark at 20 °C. 
lower malate concentration compared to the transport via the 2-0G translocator. 
The values of K112 for malate transport via these two translocators are summarized in 
Table 5.5. In spinach chloroplasts malate transport via the Oct translocator has a 
K112 of 0.27 mM, which is 9.5 fold lower than that via the 2-0G translocator. In oat 
chloroplasts, the K112 value for malate transport via the Oct translocator was only 
about 2-fold less than that for the 2-0G translocator. 
In spinach chloroplasts, the considerably lower K1;2 value obtained for the 
Oct translocator indicates that malate was preferably transported via this 
translocator. This corresponds with an increase of Ki(glutamate) value from 2.4 mM 
in glutamate-preloaded chloroplasts to 6.0 mM in malate-preloaded organelles 
(Flugge et al. 1988). Taken together, these results suggest that, in the presence of 
extrachloroplastic glutamate, the uptake of malate via the Dct translocator would be 
much greater than that via the 2-0G translocator. This "push" would increase the 
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malate concentration in the chloroplast which would subsequently "pull" to facilitate 
the counter-exchange of exogenous 2-0G via the 2-0G translocator. This 
mechanism could conceivably provide the basis for the coupling of malate transport 
via the Oct and 2-0G translocators in spinach chloroplast as proposed (Flugge et al. 
1988; Woo et al. 1987a, 1987b). 
Table 5.5 Values of K112 for malate uptake uia the Dct and the 2-0G translocators 
in spinach and oat chloroplasts. Results were calculated from those in Figure 5. 6. 
Chloroplasts 
Spinach 
Oat 
K112 (malate) 
Oct translocator 
0.27 
1.31 
(mM) 
2-0G translocator 
2.57 
2.48 
On the other hand, the small difference in K112 values obtained in oat 
chloroplasts suggests that malate transport via the Oct and and 2-0G translocators 
would be reasonably similar in this species. It is uncertain whether this could be 
sufficient to provide the initial "push" required to couple malate transport to 2-0G 
uptake as proposed for spinach chloroplasts. Alternatively, a different mechanism 
might be involved to aid the coupling of malate transport between the Oct and 2-0G 
translocators in this species. This will be examined in greater detail in Chapter 7. 
5.4 Summary 
Results presented here have clearly demonstrated the presence of at least 2 
translocators for the transport of dicarboxylates tested (glutamate, malate, 2-0G and 
aspartate). They are the Oct and the 2-0G translocators. Results from preloading, 
kinetic and inhibitor studies suggest that all these dicarboxylates can be transported 
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by the Dct translocator, while only malate, 2-0G and succinate (Flugge et al. 1988) 
are transported by the 2-0G translocator. The transport of 2-0G and malate via the 
2-0G translocator can be separated from the transport via the Dct translocator by 
restricting either one of the translocators by using inhibitor and preloading. The data 
showed that there were substantial differences in the kinetic characteristics 
determined for these two processes. This approach has its limitations, but the results 
obtained have provided a kinetic explanation of how malate transport via the Oct 
and 2-0G translocators could couple glutamate export and 2-0G import by a "push 
and pull" mechanism during photorespiratory NH3 assimilation in spinach 
chloroplasts. 
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CHAPTER6 
Glutamine Transport and the Role of 
the Glutamine (Gin) Translocator in Chloroplasts 
6.1 Introduction 
Photorespiratory NH3 reassimilation via the GS/GOGAT pathway in C3 
species possessing cytosolic GS activity would be expected to involve the additional 
metabolism associated with the glutamine formed in the cytosol. The return of this 
glutamine to the chloroplast for subsequent metabolism to glutamate via GOGAT is 
essential for the continuous operation of photorespiratory nitrogen cycling. The 
proportion of the photorespiratory NH3 fixed via the cytosolic GS in species with 
this isof orm would presumably be similar to its relative distribution in the leaf, i.e. 0 
to 30% in most C3 species (McNally et al. 1983; Wallsgrove et al. 1979). 
Consequently, the two-translocator model (Flugge et al. 1988; Woo et al. 1987a) 
developed for spinach which has no cytosolic GS would need to be modified for this 
glutamine transport. 
The transport of glutamine across the chloroplast envelope may involve a 
specific translocator. Early studies suggested that glutamine could be transported 
via the dicarboxylate translocator (Barber & Thurman 1978; Gimmler et al. 1974). 
However, the measured rates (Barber & Thurman 1978) were too low. More 
recently, a translocator specific for glutamine transport has been identified in an 
Arabidopsis thaliana mutant (Somerville & Ogren_ 1983). However, the 
characteristics and properties of the Gln translocator in chloroplasts remain to be 
determined. 
In the present chapter, glutamine transport was compared in isolated 
chloroplasts from pea, oat and spinach leaves. The results clearly indicate the 
presence of a specific Gln translocator on the chloroplast envelope that may be 
important in photorespiratory NH3 metabolism. 
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6.2 Results 
6.2.1 Time Course and Concentration Dependence of Glutamine Transport 
Figure 6.1 shows the time-dependent uptake of 14C-labelled glutamine* in oat 
chloroplasts in the dark. The level of 14C-labelled glutamine in the stroma was 
higher than the surrounding medium after 10 s and continued to increase with time. 
No saturation of [ 14C]glutamine uptake was observed up to 50 s. Conversion of 
glutamine inside the chloroplast was not determined. But it was not expected to 
occur within the time taken for uptake as Barber and Thurman (1978) had found no 
metabolic conversion of 14C-labelled glutamine in pea chloroplasts incubated with 
[ 14C]glutamine for up to 2 min in the dark at 20 °C. 
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Figure 6.1 Ti.me course of [14C]glutamine (2 mM) uptake in oat chloroplasts isolated by the 
mechanical method. Assays were done at pH 7. 6 in the dark at 20 °C in the SL system (see 
Chapter 3) and the organelles were preloaded with unlabelled glutamine (see section 3.4). 
*Glutamine refers to L-glutamine in this thesis. 
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The dependence of transport activity on glutamine concentration in oat, pea 
and spinach chloroplasts preloaded with glutamine showed hyperbolic saturation 
characteristics (Fig. 6.2). In oat chloroplasts, aspartate did not inhibit glutamine 
uptake when the concentration of glutamine used was less than 0.5 mM (Fig. 6.2A). 
At 2 mM [14C]glutamine, aspartate inhibited glutamine uptake by only 12%. In 
contrast, L-glutamate had a much stronger inhibitory effect on glutamine uptake in 
oat (Fig. 6.2B), pea (Fig. 6.2C) and spinach (Fig. 6.20) chloroplasts. Inhibition by 
L-glutamate was observed at all concentrations of [ 14C]glutamine used. 
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Figure 6.2 Concentration dependence of [14C]glutamine uptake in oat, pea and spinach 
. 
chloroplasts in the SL system. Chloroplasts were isolated by mechanical methods (Chapter 4) 
and preloaded with glutamine (see section 3.4). Uptake activities were determined in 10 s in the 
dark at pH 7.6 without (0, control) or with (e) the addition of 10 mM L-aspartate (A) or 20 mM 
L-glutamate (B, C, D). 
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Figure 6.3 Inhibition of [14C]glutamine (1 mM) uptake in oat chloroplasts by dicarboxylates. 
Activities were measured at pH 7.6 in the dark in the SL system in 5 s. Chloroplasts were 
isolated by the mechanical method (section 4.2.2.2) and preloaded with L-glutama'le (0) or 
glutamine (e) (section 3.4). Control ra'les for A, C and D were 37.2 (0) and 38.6 (e) and for B 
were 32.8 (0) and 33.9 (e) µmol·mg-1 Chl.h-1. 
6.2.2 Inhibition of Glutamine Transport by Other Dicarboxylates 
To determine whether glutamine could be transported by the Dct translocator 
as previously described (Barber & Thurman 1978), and to clarify the inhibitory 
effect of L-glutamate and aspartate observed in Figure 6.2, [14C]glutamine uptake 
was measured in the presence of different concentrations of L-glutamate, D-
glutamate, 2-0G, and aspartate in oat chloroplasts preloaded with either glutamine 
or L-glutamate. Figure 6.3 shows that these dicarboxylates inhibited [14C]glutamine 
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uptake more strongly in L-glutamate-preloaded chloroplasts than in glutamine-
preloaded chloroplasts. In glutamine-preloaded chloroplasts the uptake rates of 
[14C]glutamine were inhibited 9%, 18% and 40% by 10 mM of L-aspartate, 2-0G 
and L-glutamate, respectively. In L-glutamate-preloaded chloroplasts these values 
were 40%, 40% and 60%, respectively. D-Glutamate showed little inhibitory effect 
on glutamine transport in both L-glutamate- and glutamine-preloaded chloroplasts at 
all the concentrations examined (Fig. 6.3B). Figure 6.3A also shows that in L-
glutamate-preloaded chloroplasts, L-glutamate at a concentration of 2 mM had 
lowered [14C]glutamine uptake by more than 50%; further increase in the inhibitor 
concentration did not greatly increase the inhibition. 
Table 6.1 Effect of dicarboxylates and analogs on [14C]glu'tamine (2 m.M) and L-
[14C]glu'tamate (2 mM) transport activity in intact spinach chloroplasts. Activities were 
measured at pH 7. 6 and 20 • C in the dark in the SL system (10 s). Chloroplasts were preloaded 
with unlabelled transported substrate (see section 3.4). 
[14C]Glutarnine L-[14C]Glutamate 
Addition mM µrnol·mg·l Chl·h-1 % control µrnol·mg-1 Chl·h-1 % control 
None (control) 9.6 100 33.5 100 
Glutamine 5 n.d. 29.2 87 
L-Glutamate 5 7.4 77 n.d. 
Malate 5 10.6 108 11.7 35 
2-0xoglutarate 5 11.7 121 11.6 35 
L-Aspartate 20 9.0 92 7.3 22 
N-Methyl-Glu 2 8.7 91 33.7 101 
N-Methyl-Asp 2 10.1 105 30.9 92 
N-Butyl-malonate 5 11.2 116 28.5 85 
Phthalonate 1 11.8 123 31.3 93 
n.d. not determined. 
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Table 6.1 compares the effect of dicarboxylates and their analogs on the 
uptake of [14C]glutamine and L-[14C]glutamate in spinach chloroplasts. Except for 
L-glutamate which inhibited [14C]glutamine uptake by 23%, all the other 
dicarboxylates examined appeared to have little effect on [14C]glutamine transport in 
glutamine-preloaded chloroplasts. In contrast, and consistent with earlier reports 
(Flugge et al. 1988; Lehner & Heldt 1978; Woo et al. 1987a), the uptake of L-
[ 14C]glutamate in L-glutamate-preloaded chloroplasts was strongly inhibited by 
malate, 2-0G and L-aspartate. Glutamine inhibited this activity by only 13%. 
Evidently the transport of glutamine and L-glutamate involve different processes. 
6.2.3 Effect of Preloading on Glutamine Transport 
Preloading experiments were done with the SOL system. Table 6.2 shows 
1: that the activity of [14C]glutamine uptake w~ highest in oat chloroplasts preloaded 
with L-glutamate and lowest in chloroplasts preloaded with L-aspartate. Preloading 
with glutamine itself resulted in a lower uptake rate compared to no preloading, but 
this activity was higher than those obtained for preloading with 2-0G, malate and 
Table 6.2 Effect of preloading on [14C]glutamine (2 mM) uptake into oat 
chloroplasts. Activities were measured in the dark at pH 7.6 and 20 ·c in the SDL 
system. See section 3.4 for details of the preloading procedure. 
[ 14C]Glutamine uptake Preloaded 
with µmol·mg-1 Chl.h-1 % control 
None 86.5 144 
Glutamine ( control) 59.7 100 
L-Glutamate 69.1 115 
Malate 60.7 102 
2-0xoglutarate 44.0 74 
L-Aspartate 43.6 73 
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aspartate. These results suggest that stroma dicarboxylates could act as effective 
counter ions for [14C]glutamine uptake. Presumably, the counter-exchange would 
occur primarily via the Dct translocator. 
In a complementary experiment the uptake of 14C-labelled L-glutamate, 2-
0G, and malate into chloroplasts preloaded with the respective unlabelled substrate 
were compared with those in chloroplasts preloaded with glutamine. Compared to 
the controls, preloading with glutamine greatly decreased the uptake of [14C]2-0G 
and [14C]malate but had only a relatively small effect on L-[14C]glutamate uptake 
(Table 6.3). Glutamine was apparently an effective counter ion for the uptake of 
glutamate but not for 2-0G and malate. 
These results could be explained on the basis that counter exchange with 
f stroma glutamine occurred via the Dct translocator for 2-0G and malate uptake, and 
via both the Dct and Gin translocator for glutamate uptake. L-Glutamate was 
apparently an effective substrate for the Gin translocator. 
Table 6.3 Effect of glutamine preloading on the uptake of 14C -labelled 
dicarboxylates (1 mM) in oat chloroplasts. Activities were measured in the dark at 
pH 7.6 and 20 °C in the SDL sys'lem. Uptake rates are mean of triplicates. See 
section 3.4 for detail of the preloading procedure. 
Dicarboxylate Preloaded 
for uptake with 
L-Glutamate None 
Malate 
2-0G 
L-Glu ( control) 
Glutamine 
None 
Malate ( control) 
Glutamine 
None 
2-0G (control) 
Glutamine 
Uptake activity 
µmol ·mg-1 ChJ.h-1 % control 
62.8 
39.8 
32.5 
64.3 
83.0 
20.9 
54.5 
104.7 
36.3 
158 
100 
82 
77 
100 
25 
52 
100 
35 
II 
CHAPTER 6 87 
6.2.4 Kinetic Properties of Glutamine Transport 
Figure 6.4 shows that L-glutamate was a competitive inhibitor of glutamine 
transport in oat (Fig. 6.4A), pea (Fig. 6.4B) and spinach (Fig. 6.4C) chloroplasts. 
The apparent Ki(L-glutamate) value of 32.1 mM determined for oat chloroplasts was 
about fivefold greater than the value determined for spinach, and the value for pea 
was in between those of oat and spinach (Table 6.4). These values are considerably 
higher than the K112 values of 1.0 to 1.5 mM determined for glutamine transport in 
these chloroplasts (Table 6.4 ). 
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Figure 6.4 Double reciprocal plots of [14C]glutamine uptake in oat (A), pea (BJ and spinach 
(CJ chloroplasts in the SL system (10 s). Chloroplasts were isolated by mechanical methods 
(Chapter 4) and preloaded with glutamine (see section 3.4). Uptake activities were determined 
in the dark at pH 7. 6 and 20 "C without ( 0, control) or with ( • ) the addition 20 mM L-
glutamate. 
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The K112 values for glutamine transport determined for oat, pea and spinach 
chloroplasts (Table 6.4) are comparable to values reported for pea (Barber & 
Thurman 1978) and A. thaliana (Somerville & Ogren 1983 ). The higher V max values 
measured for oat and pea chloroplasts (glutamine-preloaded) are similar to the value 
reported for A. thaliana (Somerville & Ogren 1983), but they are about threefold 
higher than that determined for spinach (Table 6.4) and the reported value for pea 
(not glutamine-preloaded, Barber & Thurman 1978). 
The Ki (L-glutamate) values for oat chloroplast is more than 10 fold higher 
than the K112 value obtained for L-glutamate transport in oat chloroplasts (see Table 
5.3). This suggests that the component of glutamine transport measured in Table 6.4 
chloroplasts preloaded with glutamine occurred predominantly via the Gin 
trans locator. 
Table 6.4 Kinetic cons'tants of [14C]glutamine transport in oat, pea and spinach 
chloroplasts at 20 °C in the dark. Plastids were preloaded with glutamine (see 
section 3.4). 
Kinetic constant 
V max (µmol·mg-1 Chl.h-1) 
K112 (mM) 
Ki (L-glutamate) (mM) 
Oat 
42.5 
1.47 
32.1 
Pea 
50.0 
1.25 
15.5 
Spinach 
16.7 
1.0 
6.7 
Glutamine was also a relatively effective inhibitor of dicarboxylate transport 
in oat chloroplasts preloaded with the transported-dicarboxylate (Table 6.5). The 
Ki(L-glutamine) values in glutamate, malate, 2-0G and aspartate uptake into oat 
chloroplasts were 0.60-2.08 mM. These are comparable to the K112 values obtained 
for the transport of these dicarboxylates (Table 5.3). Evidently glutamine could also 
be transported via the Dct translocator in isolated chloroplasts. 
r 
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Table 6.5 Inhibition by gluromine of the transport of other dicarboxylates in oat 
chloroplasts in the SDL system in the dark at 20 °C. Chloroplasts were preloaded with 
respective transported substrate (see section 3.4 for details of the preloading procedure). 
Transport of Oicarboxy late Ki(L-glutamine) (mM) 
[14C]Glutamate 0.60 
[14C]Malate 1.01 
[ 14C]Aspartate 1.63 
[14C]2-0G 2.8 
Taken together, these results (Tables 6.4 and 6.5) suggest that the relative 
uptake of glutamine via the Oct and Gln translocators in isolated chloroplasts was 
greatly affected by the nature of the counter ion present. Glutamine transport would 
occur primarily via the Gln translocator for which glutamate is an effective counter 
ion. It would occur, however, via the Oct translocator if other dicarboxylates are 
present in the stroma. 
6.2.5 Direct Counter-Exchange Experiment 
The above results support the view that L-glutamate, but not aspartate (nor 
malate and 2-0G), could be transported via the Gln translocator. Conclusive 
evidence was obtained in a direct counter-exchange experiment. When the 
chloroplasts were preloaded with [3H]glutamate or [3H]glutamine, the uptake of 
[14C]glutamine was found to cause a counter efflux of the preloaded 3H-labelled 
compounds (Table 6.6). A ratio of 1.18 and 0.97 were determined respectively for 
glutamine to glutamine, and for glutamine to L-glutamate exchange. Within 
experimental errors, these values indicate that the amount of glutamine taken up is 
equivalent to the amount of glutamate or glutamine released. The similar ratios 
obtained for L-glutamate- and glutamine-preloaded chloroplasts also indicate that the 
preloading procedure employed is effective in replacing the endogenous 
exchangeable metabolites in the stroma with the preloaded species. The higher 
exchange activity obtained in [3H]glutamate-preloaded chloroplasts further support 
r 
( 
/., 
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the above hypothesis (section 6.2.3) that glutamine uptake in these chloroplasts 
occurred via both the Dct and Gln translocators. 
Table 6.6 Relationship between the uptake of [14C]glutamine (2 mM) and the 
effiux of [3H]glutamine or L-{3H]glutamate in oat chloroplasts. Chloroplasts were 
preloaded (see section 3.4) with either [3H]glutamine or L-[3H]glutamate in the SDL 
system. The values are the means of two experiments. The stromal concentration of 
[3H]glutamine and L-[3H]glutamate after preloading were 18 to 20 mM. 
Preloaded 
Substrate 
[14C]Glutamine uptake Efflux 
nmol•(mg Chl ·2 s)-1 
[3H]Glutamine 
L-[3H]Glutamate 
16.0 
30.0 
6.2.6 pH Effect on Glutamine Transport 
13.6 
31.0 
Ratio of 
Uptake/Efflux 
1.18 
0.97 
Figure 6.5 shows the pH response curves of [14C]glutamine uptake in oat 
chloroplasts preloaded with either L-glutamate or glutamine. The optimum pH was 
7 in glutamine-preloaded chloroplasts and a peak at pH 6.3 to 6.5 was observed in L-
glutamate-preloaded chloroplasts. Otherwise, there is little cliff erence in the pH 
responses of chloroplast preparations. The results of glutamine-preloaded 
chloroplasts would represent the pH characteristics of the Gln translocator; while 
those of glutamate-preloaded chloroplasts would presumably represent the aggregate 
of both the Gln and the Dct translocators. In contrast, a pH optimum of 8.5 was 
reported for glutamine transport in pea chloroplasts (Barber & Thurman 1978). The 
reasons for the discrepancies between the two studies are not clear but could be due, 
in part, to species differences and/or the different methods used for transport 
measurements in the two studies. 
Glutamine exists predominantly (more than 95%) as a zwitterion between pH 
6 and 8, whereas more than 95% of glutamate ionizes to form an anion (Glu-). 
These are likely to be the active species taken up into the chloroplast during 
translocator-mediated transport. Charge balance is maintained during glutamine 
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uptake in counter-exchange with endogenous glutamine (e.g . in glutamine-preloaded 
chloroplasts), but not in counter-exchange with endogenous glutamate (e.g. in 
glutamate-preloaded chloroplasts). The similar responses of glutamine transport to 
pH changes observed in both glutamine- and glutamate-preloaded oat chloroplasts 
(Fig. 6.5) suggest that the decline was unlikely to be associated with charge balance 
or the changes in zwitterion concentration at different pH. In my opinion it 
represents a direct pH effect on trans locator activity. 
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Figun 6.5 Effect of pH on [1-'C]glutamine (1 mM) uptau in oat chloroplasts in the SL system. 
Chloroplasts were isolated by the mechanical method (section 4.2.2.2) and preloaded (section 
3.4) with glutamine (0) or L-glutamate (e) and up'takes were determined in 10 sin the dark at 
20 °C. Final washed chloroplasts were resuspended in a weakly buffered CRM0 at (see Appendix 
III) medium containing 5 mM Hepes (pH 7. 6) and then diluted 10 times with a CRMoat buffered 
by 40 mM Bis Tris Propane adjusted to respective pH. 
6.3 Discussion 
The results here clearly show that the uptake of glutamine in isolated 
chloroplasts was distinctly different from that of dicarboxylates. The transport 
r 
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activities measured 111 chloroplasts was, as expected, greatly affected by the 
dicarboxylate species preloaded into the organelle (Tables 6.2; 6.3). Glutamine was 
an effective counter ion for its own transport and also for the transport of some 
dicarboxylates. High concentrations of L-aspartate and L-glutamate, and 2-0G 
(substrate for the Oct and the 2-0G translocator, respectively) had only a small 
inhibitory effect on glutamine uptake in glutamine-preloaded chloroplasts, but their 
inhibitory effect (particularly for glutamate) was greater in L-glutamate-preloaded 
chloroplasts (Fig. 6.3). On the other hand, glutamine was an effective inhibitor of 
dicarboxylate transport via the Oct translocator (Table 6.5). The results indicate a 
distinct site for glutamine transport in chloroplasts. In addition they also suggest 
that there are two components of glutamine transport: 
(a) 
(b) 
a major component involving the Gln translocator, and 
a minor component involving the Dct translocator. 
The relative proportion of these two components of glutamine transport could 
vary depending on the nature of the endogenous dicarboxylate (and glutamine) 
pools. Compared to chloroplasts preloaded with glutamine, preloading with L-
glutamate, which is a substrate for both the Dct and Gln translocators, would 
increase the component of glutamine transport via the Dct translocator. 
Consequently, the observed inhibition of glutamine transport by L-glutamate and 
other dicarboxylates was greatly increased in chloroplasts preloaded with L-
glutamate compared with the inhibition observed in chloroplasts preloaded with 
glutamine (Fig. 6.3). On the other hand, glutamine transport in chloroplasts 
preloaded with glutamine would occur primarily via the Gln translocator which is 
not affected by L-aspartate, 2-0G, malate and n-glutamate. 
The Gln translocator also mediated the transport of L-glutamate but not D-
glutamate. There are three lines of evidence to support this. Firstly, glutamine 
uptake increased when chloroplasts were preloaded with L-glutamate (Tables 6.2 and 
6.6), but decreased when preloaded with 2-0G and aspartate (Table 6.2). Evidently 
L-glutamate was an effective counter ion for glutamine uptake via the Gln 
translocator. Secondly, L-glutamate but not L-aspartate was an effective competitive 
inhibitor of glutamine transport in chloroplasts preloaded with glutamine (Figs. 6.2; 
6.4 ). In contrast, D-glutamate was shown not to inhibit glutamine uptake in both 
I i 
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glutamate- and glutamine-preloaded chloroplasts (Fig. 6.3). Thirdly, direct counter-
exchange experiments in oat chloroplasts (Table 6.5) suggest that there was a direct 
stoichiometric exchange between glutamine and L-glutamate via the Gln 
translocator. Such an exchange is of great physiological significance. It would 
allow the transport of glutamine into the chloroplast to be stoichiometrically coupled 
to glutamate export during photorespiratory NH3 reassimilation and recycling in C3 
species. 
The results presented in this chapter also show that the characteristics of the 
Gln trans locator are quite different between oat, pea and spinach chloroplasts (Table 
6.4). The V max value of 16.7 µmol·mg-1 Chl.h-1 in spinach is about 2.5- and 3-fold 
lower than that determined in oat and pea chloroplasts, respectively. In addition, 
glutamine uptake in spinach chloroplasts showed a 5- and 2.3-fold lower K; value for 
L-glutamate inhibition compared to oat and pea chloroplasts respectively. Given the 
high intracellular metabolite concentrations likely to be prevailing in the leaves in 
the light (Gerhardt & Heldt 1984), the above results suggest that substantial in vivo 
transport of glutamine would still occur in oat and pea chloroplasts. On the other 
hand, in vivo glutamine transport in spinach chloroplasts is likely to be highly 
suppressed. 
This difference is consistent with the presence of a cytosolic GS in oat and 
pea but not spinach leaf cells (McNally et al. 1983). Photorespiratory NH3 refixed 
by this GS isof onn in oat and pea leaves could then be · recycled by the effective 
operation of the Gln translocator in vivo. Ammonium metabolism in chloroplasts 
isolated from these species will be investigated in the next chapter. 
94 
CHAPTER 7 
Ammonia Assimilation in Isolated Chloroplasts in the Light. 
The Effect of Mal ate on Metabolite Pools and 02 Evolution 
7.1 Introduction 
In plants inorganic nitrogen is incorporated into organic nitrogen via NH3 
assimilation. The two major sources of NH3 production in leaves of C3 plants are 
nitrate reduction and photorespiration (Wallsgrove et al. 1983). Nitrate reduction 
contributes to net nitrogen incorporation into organic matter. In contrast the NH3 
released during photorespiration is derived from glycine and is subsequently 
reassimilated and recycled for glycine synthesis in the photo respiratory nitrogen 
cycle (Keys et al. 1978; Woo et al. 1978). However, the stoichiometric release of 
NH3 and CO2 during glycine oxidation in leaf mitochondria in the light (Woo et al. 
1978) indicates that the reassimilation of this photorespiratory NH3 could be up to 
an order of magnitude greater than the NH3 flux derived from nitrate reduction. 
Therefore, it is, by far, the most predominant nitrogen flux in leaves of C3 species 
(Keys et al. 1978). 
Assimilation of 1 mol NH3 via the chloroplastic GS/GOGAT pathway 
requires 1 mol of 2-0G and ATP, and 2 mol of reduced ferredoxin. The ATP and 
reduced f erredoxin is normally generated from H20 splitting in the light via the 
photosynthetic electron transport system with the concomitant generation of 0.5 mol 
02. This (2-0G, N14Cl)-dependent 02 evolution has been used to sh1dy NH3 
assimilation in isolated chloroplasts (Anderson & Done 1977 a, 1977b; Anderson & 
Walker 1983a, 1983b; Dry & Wiskich 1983; Woo 1983; Woo & Osmond 1982). 
Evidence from these studies and those from metabolite transport (Flugge et al. 1988; 
Woo et al. 1987a, 1987b) have led Woo and co-workers to propose a two-
translocator model to explain the metabolite transport in spinach chloroplasts (Woo 
et al. 1987a, see Chapter 1). Since there is no cytosolic GS isoform in spinach leaf, 
this model did not consider the role of glutamine formed in this compartment during 
photorespiratory NH3 assimilation. However, as I have discussed in Chapter 6, there 
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is a need to integrate the metabolism of this glutamine (formed by cytosolic GS 
activity) during photorespiration in C3 species possessing this isoform. 
In this chapter I have compared the (2-0G, Nf4Cl)-dependent 02 evolution 
in chloroplasts between C3 species with (pea, oat and wheat) and without (spinach) 
the cytosolic GS isoform in order to elucidate the role of glutamine and the Gln 
translocator in photorespiratory NH3 assimilation. 
7.2 Materials and Methods 
Measurement of (2-0G, NH,,Cl)-dependent 02 evolution was made 
polarographically at 20 °C with a Clark-type 02 electrode (Hansatech Ltd., England) 
in a total volume of 0.8 ml. The standard as_say medium contained 0.33 M sorbitol, 
1 mM EDTA, 10 mM MgCl2 for oat but 1 mM MgCI2 for chloroplasts from other 
species, 40 mM Tricine (pH 7 .6), 0.25 mM KH2P04, 600 units (Sigma) catalase, 10 
mM DL-glyceraldehyde to inhibit photosynthetic 02 evolution, 3 mM 2-0G, and 0.5 
mM Nf4Cl. Measurements of photosynthetic 02 evolution were done as described 
in Chapter 4. Spinach; pea and oat chloroplasts were isolated by mechanical 
methods and wheat chloroplasts from protoplasts. They were normally preincubated 
in the assay medium for 3 min in the dark before illumination (1200 µmol 
photons·m-2-s-1 ). 
Synthesis and partitioning of 14C-labeled amino acids was determined 
during NH3 assimilation in the light at 20 °C. For this purpose, [5-14C]2-0G (0.3 
µCi/µmol) was used in the standard (2-0G, Nf4Cl)-dependent 02 evolution system 
as described above. Aliquots (200 µl) of chloroplast preparations preincubated in 
the above medium for 3 min ( dark) were transferred into microfuge tubes containing 
the SL system and subsequently illuminated (1200 µmol photons·m-2.s-1). After a 
specified time of incubation, the tubes were centrifuged ( 15 s full speed in a 
Beck.men 152 Microfuge). Aliquots (100 µl) of the supernatant fraction were 
transferred immediately into 1.5-ml Eppendorf microfuge tubes containing 100 µl 4 
N HCI. This fraction and the pellet fraction were neutralized and cold carrier amino 
acids (5 µmol glutamate, glutamine and aspartate) added prior to separation of 14C-
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labelled amino acids by ion exchange chromatography in Dowex 50 W (H+ form) 
columns. The different 14C-labelled amino acids were subsequently separated by 
thin layer chromatography (TLC) in 0.25 mm silica gel ( 60 F254, :MERCK) in a 
phenol-NH3 solvent system (Wallsgrove et al. 1977) and the radioactivity was 
determined by liquid scintillation counting (Chapter 2). The amount of 14C-labelled 
amino acids was determined on the assumption that the specificity of their 
radioactivity is the same as the [5-14C]2-0G added. 
7.3 Results 
7.3.1 (2-0G, NH4Cl)-dependent 02 Evolution in Chloroplasts 
It is known that (2-0G, Nlf4.Cl)-dependent 02 evolution is linked to 
GS/GOGAT activity while (2-0G, glutamine )-dependent 02 evolution is linked to 
GOG AT activity only. Figure 7 .1 illustrates these two types of 02 evolution in 
spinach, pea, oat and wheat chloroplasts. In spinach chloroplasts, malate stimulated 
(2-0G, Nli4Cl)-dependent 02 evolution (trace c, Fig. 7.lA; Woo & Osmond 1982), 
but had an inhibitory effect on (2-0G, glutamine )-dependent 02 evolution, which 
was relieved by the subsequent addition of NI4Cl (trace b, Fig. 7.lA). 
In pea chloroplasts (Fig. 7.lB), malate stimulation of (2-0G, Nli4Cl)-
dependent 02 evolution required the addition of exogenous glutamine ( trace b and 
c). In contrast to spinach, malate stimulated (2-0G, glutamine)-dependent 02 
evolution in pea chloroplasts, but maximal activity was achieved only after the 
addition of Nli4Cl (trace a). 
In oat and wheat (monocotyledonous species) chloroplasts, malate did not 
stimulate (2-0G, Nli4Cl)-dependent 02 evolution, even in the presence of 
exogenous glutamine (trace d, Fig. 7.lC; traces a, b, Fig. 7.lD). As was observed 
(. for spinach chloroplasts (trace b, Fig 7.lA), a higher malate concentration (5 mM) 
inhibited (2-0G, glutamine )-dependent 02 evolution by about 50% in oat 
chloroplasts ( data not shown) . 
. The observed inhibition by azaserine (trace a and c, Fig. 7.lC), a specific 
inhibitor of GOGAT, indicates the involvement of GS/GOGAT for NH3 assimilation 
in oat chloroplasts. ADP had no effect on the 02 evolution in oat chloroplasts 
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Figure 7.1 Ammonia assimilation-dependent 02 evolution in isolated spinach (A), pea (B), oat 
(CJ and wheat (DJ chloroplasts. Numbers along the traces indicate rates of 02 evolution in 
µmol· mg-1 Chl-h-1. Additions were as indicated and the concentrations were: 2-0G, 3 mM; 
NH4Cl, 0.5 mM; glutamine, 5 mM; malate, 0.5 mM; ADP, 1.25 mM; azaserine, 2.5 mM. 
Illumination (1200 µmol photons·m-2,s-1) was "on" and "off' as indicated. Intactness of 
chloroplasts were 79% (A), 85% (BJ, 75% (CJ and 86% (DJ. 
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whether added during the preincubation ( trace a, Fig. 7 .1 C) or during assay in the 
light (trace b, Fig. 7.lC). Similar results were obtained with ATP (data not shown). 
These results indicate that neither (2-0G, N}4Cl)- nor (2-0G, glutamine)-dependent 
02 evolution in oat chloroplasts was limited by the supply of ADP and/or ATP. 
The above results show that the addition of malate in the light had different 
effects on (2-0G, N}4Cl)-dependent 02 evolution between the species tested. This 
species difference was also observed when dicarboxylates were added during 
preincubation in the dark (Table 7.1). In spinach chloroplasts, preincubation with 1 
mM dicarboxylates (malate, fumarate, succinate) stimulated the activity 3 to 4 fold 
but inhibited it by 50% in oat chloroplasts. The inhibition in oat chloroplasts was 
relieved by the concomitant addition of 5 mM glutamine in the preincubation 
Table 7.1 Effect of dicarboxyla'te preincubation on (2-0G, NH4Cl)-dependent 02 evolution in 
isolated oat (28 µg Chl) and spinach (50 µg Chl) chloroplasts. Preincubation was 3 min in the 
dark at 20 • C. Additions: 2-0G, 3 mM; NH4Cl, 0. 5 mM; glutamine, 5 mM; L-glutamate, 5 mM; 
and all dicarboxylates 1 mM. Activities are the means of two experiments and are expressed as 
µmol 0 2-mg-1 Chl-h-1. Average chloroplast intactness: oat, 65%; spinach, 83%. .4verage 
activity of CO2-dependent 02 evolution in oat and spinach chloroplasts was 70 and 145 
µmol mg-1 Chl-h-1, respectively. 
Oat chloroplasts Spinach chloroplasts 
Preincubation 
Activity % control Activity % control 
2-0G, Nf4Cl (Control) 8.9 100 4.0 100 
+ Glutamine (Gln) 9.0 101 5.5 138 
+ Glutamate (Glu) 5.9 66 2.0 50 
+ Gin, Malate 8.2 92 16.6 415 
+ Glu, Malate 4.4 49 9.9 248 
+ Malate 4.8 54 13.8 345 
+ Fumarate 4.8 54 12.9 323 
+ Succinate 4.8 54 11.9 298 
r 
1. 
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medium. Different from the dicarboxylates above, L-glutamate strongly inhibited 
the activity in both species ( 44% in oat and 50% in spinach chloroplasts). The 
addition of malate in the presence of glutamate further depressed 02 evolution in oat 
chloroplasts but stimulated this activity to 2.5 times control. 
The stimulatory effect of malate observed in spinach and pea chloroplasts 
was attributed to a faster import of 2-0G coupled to an increased export of 
glutamate (Woo 1983; Woo et al. 1987a). A dramatic decrease of K112 for 2-0G as 
a result of the addition of malate was observed in spinach (Woo & Osmond 1982) 
but not in pea chloroplasts (Dry & Wiskich 1983). The K1;2 of 2-0G, Nli4Cl, and 
glutamine in (2-0G, Nf4Cl)-dependent 02 evolution in oat chloroplasts was 
measured in the absence and presence of malate (Table 7.2). The results show that, 
within experimental error, malate has little effect on these parameters in oat 
chloroplasts. 
Tabk 7.2 The K112 of 2-0G, NH4Cl, and glutamine in the presence and absence of 
malate (0. 5 mM) in the (2-0G, NH4Cl)-dependent 02 evolution in oat chloroplasts. 
Substrate 
2-0G 
Nf4Cl 
Glutamine 
- Malate 
83 
20 
830 
K112 (µM) 
+ Malate 
135 
12 
1110 
Figure 7.2 shows the response of (2-0G, Nl4Cl, -glutamine)-dependent 02 
evolution to MgCI2, 2-0G, glutamine and Nf4Cl in oat chloroplasts. Glutamine and 
MgCl2 were required for optimal activity (Fig. 7 .2A), as was reported for pea 
chloroplasts (Anderson & Done, 1977b; also see Fig. 7.1). A comparative 
experiment with spinach chloroplasts did not show such requirements. Figure 7.2 
also shows that this 02 evolution activity had a high affinity for 2-0G (Fig. 7 .2A) 
and NI4Cl (Fig. 7.2B). Under optimal concentrations of these components, malate 
still did not stimulate (2-0G, Nf4Cl, glutamine)-dependent 02 evolution in oat 
chloroplasts ( trace d, Fig. 7 .1 C). 
1 
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Figure 1.2 Response of (2-0G, NH4Cl, glu'tamine)-dependent 02 evolution to MgCl2, 2-0G, 
glutamine and NH4Cl concen'tratfon in oat chloroplasts. Additions (except those indicated): 2-
0G, 3 mM; NH4Cl, 0.5 mM; glutamine, 5 mM; MgCl2, 10 mM. Intactness of chloroplasts was 
85% and acti.vity of CO2-dependent 02 evoluti.on was 76 µmol·mg- 1 Chl.h-1. 
The effect of malate on the (2-0G, Nl4Cl)-dependent 02 evolution could be 
related to its effect on the activity of GS and GOG AT. But the results in Table 7 .3 
show that malate had no effect on the activity of these enzymes in both oat and 
spinach chloroplasts. This was consistent with the absence of malate stimulation of 
(2-0G, Nl4Cl)-dependent 02 evolution in a reconstituted chloroplast system 
(Anderson & W alk:er 1983a, 1983b ). The activities measured for GS and GOGAT 
were comparable to values obtained for 02 evolution in the same chloroplast 
preparation (Table 7.3). This suggests that NH3 assimilation in these chloroplast 
preparations was unlikely to be limited by GS/GOGAT activity per se. 
r 
I. 
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Table 7.3 Effects of malate on (2-0G, NH4Cl, glutamine)-dependent 02 evolution and on 
glutamine synthetase (GS) and glutamate synthase (GOGAT) activities in the same 
preparation of oat and spinach chloroplast. Intact chloroplasts were used for 
measurements of 02 evolution. Enzyme activities were determined in chloroplasts after 
osmotic lysis. Standard assay media were used for measurements of both (2-0G, NH4Cl, 
glutamine)-dependent 02 evolution (see Materials and Methods) and enzyme activities as in 
Appendix I. The intactness of oat chloroplasts was 73% and spinach 93%. Addition: 2-
0G, 3 mM; glutamine, 5 mM; NH4Cl, 0.5 mM; malate, 1 mM. 
Measurement Addition 
*02 evolution (µmol ·mg-1 Chl-h-1) 
Expt 1) start with 2-0G, glutamine 
+NJ4Cl 
+ Malate 
Expt 2) start with 2-0G, Nl4Cl 
+ Malate 
Oat 
8.0 
13.9 
13.9 
8.4 
8.4 
GOGAT activity (µmol glutamate formed·mg-1 Chl-h-1) 
Spinach 
8.6 
8.6 
20.1 
10.3 
17.1 
Control 27 .3 46. 7 
+ Malate 24.9 40.4 
GS activity (µmol·mg-1 Chl-h-1) 
Control 
+ Malate 
45.0 
47.3 
69.7 
69.6 
* Additions for 02 evolution were done sequentially in the order indicated. 
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7.3.2 Amino Acid Synthesis and Export during NH3 Assimilation 
Other 02 exchange reactions in chloroplasts (Badger 1985) may moderate the 
values of (2-0G, Nl-4Cl)-dependent 02 evolution measured. I have measured the 
synthesis 14C-labelled amino acids during (2-0G, Nl-4Cl)-dependent 02 evolution 
in oat chloroplasts (Fig. 7.3). The data showed that the amount of 14C-labelled 
amino acids synthesized paralleled 02 evolution throughout the time course. Neither 
of these parameters were stimulated by the addition of malate (1 mM). The ratio of 
14C-labelled amino acids to 02 evolved was 1.6 to 1.9, which was comparable to the 
theoretical ratio of 2. These results indicate that the (2-0G, Nl-4Cl)-dependent 02 
evolution measured was unlikely to include other Oi evolution processes. 
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Figure 1.3 Simuz.taneous measurement of ([5-14C]2-0G, NH4Cl}-dependent 02 evolution and 
14C-labelled amino acid formation in oat chloroplasts. Chloroplasts (66 µg Chl, 84% 
intactness) were preincubated with 1.5 mM cold 2-0G, 0.5 mM NH4Cl, and 5 mM glutamine for 
3 min in the dark at 20 °Cina total volume of 2 ml. [5-14CJ2-0G was added at time zero to a 
final concentration of 3 mM (0.15 Ci/mol). Malate (1 mM) was added as indicated. An 100 ml-
aliquot was removed in specified time and formation of 14C-labelled amino acids was measured 
as described in "Materials and .. Methods". Rates of (2-0G, NH4Cl)- and CO2-dependent 02 
evolution was 15. 7 and 74 µmol· mg-1 Chl.h-1, respectively. 
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The above correlation of 02 evolution with amino acids synthesis was also 
supported by the experiment where dicarboxy lates were included in the 
preincubation medium in the dark (Table 7 .4 ). In both oat and spinach chloroplasts, 
the changes in 02 evolution corresponded to similar changes in amino acid 
synthesis. Evidently both processes were tightly coupled. It also suggests that the 
14C label (from 2-0G) was predominantly incorporated into the amino acid fraction. 
Table 7.4 Effect of preincubation of dicarboxylate in the dark on (2-0G, NH4Cl)-dependent 02 
evolution and amino acid synthesis in the light in oat and spinach chloroplasts. The control 
activities of 02 evolution were 8.8 and 4.0 µmol·mg- 1 Chl.h-1 for oat and spinach chloroplasts 
respectively; and the corresponding ra'tes of total amino acid synthesis were 1310 and 377 
nmol-(mg Chl·4 min)-~ 
Preincubated 
dicarboxy late 
None (control) 
Glutamine (Gin) 
Glutamate (Glu) 
Gin+ malate 
Glu + malate 
Malate 
Oat Chloroplasts 
02 
evolution 
100 
112 
58 
95 
45 
39 
Amino acid 
synthesis 
(% 
100 
187 
47 
151 
41 
86 
Spinach chloroplasts 
02 
evolution 
control) 
100 
138 
50 
415 
248 
345 
Amino acid 
synthesis 
100 
147 
38 
357 
224 
240 
Amino acids formed during (2-0G, NI4Cl)-dependent 02 evolution in 
spinach chloroplast were readily exported (Woo et al. 1987b). The results in Table 
7.5 show that during NH3 assimilation, the majority of the newly formed 14C-
labelled amino acids were exported: 89% in oat and 69% in spinach chloroplasts. 
The distribution of 14C-label in the amino acid fraction were subsequently analyzed. 
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In both oat (Fig. 7.4A) and spinach (Fig. 7 .4C) chloroplasts, more than 90% of the 
total 14C-label was present in [ 14C]glutamate and [ 14C]glutamine. 
Table 7.5 Distribution of 14C-labelled amino acids synthesized during NH3 assimilation in 
isolated oat and spinach chloroplasts. Measurements were done at 20 °C in the light (1200 
µmol photons-m·2,s-1) for 4 min in the standard (2-0G, NH4Cl}-dependent 02 evolution system. 
The 14C-labelled amino acid present in the supernatant represents export and those in the pellet 
represents stroma pool. Values are means± SD from 3-4 chloroplast preparations. 
Distribution 
Supernatant 
Pellet 
Oat Spinach 
(% of total) 
88.5 + 4.8 68.9 + 16.0 
11.5+4.8 31.1+16.0 
In oat chloroplasts the total synthesis (Fig. 7.4A) and export (Fig. 7.4B) of 
[ 14C]glutamine remained relatively low over the whole time course. In contrast, 
total [14C]glutamate synthesis increased rapidly with time, and in 4 min, it was 15 
times greater than the amount of total [14C]glutamine formed (Fig. 7 .4A). However, 
71-95% of this [14C]glutamate was exported out of the chloroplast whereas only 16-
28% of the [I4C]glutamine formed was exported (Fig. 7.4B). In spinach 
chloroplasts, the amounts of [I4C]glutamine and (14C]glutamate synthesized were 
similar during the whole period of illumination (Fig. 7 .4C). But the export of 
[ I4C]glutamine remained low; only 20% or less of [ 14C]glutamine was exported 
(Fig. 7 .4D). In contrast, export of [14C]glutamate increased rapidly, and exceeded 
75% in 2 min. The export of [14C]glutamate in oat chloroplasts (Fig. 7.4B) was also 
very rapid; more than 70% of the [I4C]glutamate formed was exported within 30 s 
of illumination. 
Because of this large and rapid export of glutamate, only a relatively small 
amount of [I4C]glutamate was retained in the chloroplast. Indeed, in both types of 
chloroplast, the [14C]glutamate retained in the stroma was lower than 
[14C]glutamine (Figs. 7.5A & 7.5B). The time course measurements indicate that 
r 
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Figure 7.4 Synthesis of 14C-labelled amino acids (A, C) and the percentage of {14C}glutamate 
and [14C]glutamine exported out of chloroplasts (B, D) during NH3 assimilation in the light. 
The reaction medium was the standard ([5-14CJ2-0G, NH4Cl)-dependent 02 evolution system 
(see Materials and Methods). Chloroplasts were separated from the medium by the SL silicone 
system in specified time. The amounts in the supernatant (medium) fractions represent those 
exported out of chloroplasts (B, D ), and the sum of the supernatant and pellet fractions are the 
total amounts synthesized during the reaction (A, C). AU values were corrected for dark controls 
without NH4Cl. Symbols are as indicated in the figures. 
r 
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the 14C-labelled ammo acid pools reached steady state between 3 to 4 min of 
illumination. It is reasonable to assume that the concentration of [ 14C]glutamine and 
[14C]glutamate determined during this period would approximately represent the 
active amino acid pools involved in NH3 assimilation in isolated chloroplasts. 
Figure 7.5 also shows that the [14C]glutamine and [14C]glutamate pools in spinach 
chloroplasts (Fig. 7 .5A) were significantly greater than those present in oat 
chloroplast (Fig. 7.5B). At 4 min illumination the concentration of [14C]glutamine 
and [14C]glutamate in spinach chloroplasts was 12 and 4.8 mM respectively. These 
values were 4.2 and 3.3 fold greater than the respective 14C-labelled amino acid pool 
in oat chloroplasts. 
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Figure 7.5 Accumulation of [14C]glutamine (OJ and [14C]glutamate (e) in the stroma of 
spinach (AJ and Oat (BJ chloroplasts during NH3 assimilation in the light. The reaction 
medium was the standard ([5-14CJ2-0G, NH4Cl)-dependent 02 evolution system (see Materials 
and Methods). Chloroplasts were separated from the medium in specified time by the SL system 
and the amounts in pellets represent those in the stroma. All values were corrected with dark 
controls without NH4Cl. Aminooxy acetate (5 mMJ was added to stop the transaminase activity. 
Oat stroma space was 24.1 and spinach 28.4 µl· mg-1 Chl. 
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Table 7.6 Reported Km values in the literature for substrates of GS and GOGAT 
in plant leaves and the K1 / 2 values for 02 evolution in a reconstituted chloroplast 
system during NH3 assimilation. 
Substrate 
Glutamate 
2-0G 
Glutamine 
GS 
3.4-I3a 
a, Stewart et al. 1980, 
GOGAT 
(mM) 
0.15a 
0.30a 
02 evolution 
5.0b 
O.lc 
O.lc 
b, in (2-0G, NI4Cl)-dependent 02 · evolution system, Anderson & 
Walker 1983b, 
c, in (2-0G, glutamine )-dependent 02 evolution system, Anderson & 
Walker 1983a. 
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Compared to the Km(glutamate) value for GS activities (Table 7.6), the 
concentration ( 1.5 mM) of glutamate in oat chloroplasts appeared low. On the other 
hand, the value determined in spinach chloroplasts appeared to be similar to the 
Km( glutamate) values determined for GS (Table 7 .6). In contrast, the [14C]glutamine 
concentration present in both isolated spinach and oat chloroplasts greatly exceeded 
the Km(glutamine) values for GOGAT. Given everything else being equal it would 
appear that the stromal glutamate concentration is the major factor influencing NH3 
assimilation in isolated chloroplasts. 
It is tempting to speculate that the lack of malate stimulation of NH3 
assimilation observed in oat chloroplasts (Table 7 .1; Fig. 1 C, trace d; Fig. 7 .3) might 
be directly associated with low stromal glutamate concentration. Conversely, 
stromal glutamate would increase during malate stimulation of NH3 assimilation in 
spinach chloroplasts. 
Experiments were designed to test this hypothesis. The changes in stromal 
[14C]glutamate and [14C]glutamine content during NH3 assimilation in oat and 
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spinach chloroplasts under different conditions were determined in the presence and 
absence ( control) of malate. The results show that in all the different NH3 
assimilation systems tested (Figs. 7.6, 7.7, and 7.8) the (14C]glutamate concentration 
determined in oat chloroplasts never increased in the presence of malate compared to 
the control (minus malate) values. Indeed, these values were always significantly 
less (20-62%) than the control values. The [14C]glutamine content also decreased in 
the (2-0G, NI4Cl, glutamate) but not in the (2-0G, NI4Cl) system (compare Fig. 
7.6 with Fig. 7.8). 
In contrast, in spinach chloroplasts, where malate stimulated NH3 assimilation 
11 m all the three systems, malate also increased stromal [I4C]glutamate content 
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Figure 7.6 Effect of preincubation malat.e (1 mM) on the stromal pool of [14C]glutamat.e and 
[14C]glutamine in spinach and oat chloroplasts during NH3 assimilation in the light. The 
reaction system for the control was the standard ({5-14CJ2-0G, NH4Cl)-dependent 02 evolution 
(see Materials and Methods). See Fi.gure 7.5 for the measurements of stromal pool and the 
control activities in specified time. All values were correct.ed with dark controls without malat.e 
and NH4Cl. Symbols are explained in the figure. 
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significantly, even when the [14C]glutamate concentration was initially (at 1 min 
illumination) lower than that ·of control (Fig. 7.7). At 4 min illumination (steady 
state) the increase was about 1.8 fold in the (2-0G, NI4Cl) system (Fig. 7.6), 3.3 
fold in the (2-0G, Nl4Cl, glutamine) system (Fig. 7.7), and 9.4 fold in the (2-0G, 
Nl4Cl, glutamate) system (Fig. 7.8). Similar increases in (14C]glutamine content 
were observed in the presence of malate but, except for the (2-0G, Nl4Cl, 
glutamine) system, these increases were always less than those determined for 
[14C]glutamate . 
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Figure 1.1 Effect of preincubation malate (1 mM) on the stro"J,al pool of [14C]glutamate and 
[14C]glutamine in spinach and oat chloroplasts during NH3 assimilation in the light. Stromal 
pools were measured as described in Figure 7. 5. Control activities were determined in the 
standard ([5-14CJ2-0G, NH4Cl) plus 5 mM glutamine. The stromal pools (nmol• mg-1 Chl) in 
the control in 4 min were: spinach: [14C]glutamate, 29; (14C)glutamine, 30; Oat: 
. 
[14C)glutamate, 58; [14C)glutamine, 90. AU values were corrected with dark controls without 
malate and NH4Cl. Symbols are explained in the figure. 
j'. 
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Figu,re 1.8 Effect of preincubation malate (1 mM) on the stromal pool of [14C]glutama'tl! and 
(14C]glu'tamine in spinach and oat chloroplasts during NH3 assimilation in the light. The 
stromal pools were measured as described in Figure 7. 5. Control activities were determined in 
the standard ([5-14C)2-0G, NH4Cl) plus 5 mM glu'tamate. The stromal pools (nmol• mg-1 Chl) 
in the control in 4 min were: spinach: [14C)glu'tamate, 7.9; [14C]glu'tamine, 16; Oat: 
[14C)glu'tamate, 4; {14C}glu'tamine, 11. All values were corrected with dark controls without 
malate and NH4Cl. Symbols are explained in the figure. 
These results are summarized in Tables 7. 7 and 7 .~ for easy comparison with 
02 evolution data. In spinach chloroplasts (Table 7.7), compared to the controls, 
malate stimulation of 02 evolution and 14C-labelled amino acids was invariably 
linked to significant increase in stromal [14C]glutamate. In contrast, in oat 
chloroplasts, the addition of malate had little effect on stromal [14C]glutamate 
content and (consequently) 02 evolution and 14C-labelled amino acid synthesis 
(Table 7.8). 
CHAPTER 7 111 
Table 7. 7 Effect of mala'te (1 mM) on 02 evolution, amino acid synthesis, and stromal 
glutamate and glutamine concentration in spinach chloroplasts during NH3 assimilation in 
the light. The reaction time was 4 min at 20 'C in the presence of (1) [14CJ2-0G, (2) [14CJ2-0G 
plus gluta.mine, and (3) [14CJ2-0G plus glutama'te. Data for 14C-labelled amino acids were 
obtained in the same experiment in Figures 7.6 (sys'tem 1), 7. 7 (system 2) and 7.8 (system 3); and 
02 evolution as in Table 7.4. Additions: [14CJ2-0G, 3 mM; glutamine, 5 mM; glutama'te 5 mM. 
NH3 
assimilation 
system 
02 
evolution 
[14C]Amino Stromal concentration 
acid 
synthesis [14C]Glu [I4C]Gln 
(% control) (mM) 
(1) 2-0G, NH4Cl 
Control 
+ Malate 
100 
345 
(2) 2-0G, Nlf4.Cl, Glutamine 
Control 100 
+ Malate 310 
(3) 2-0G, NH4Cl, Glutamate 
Control 100 
+ Malate 496 
100 
240 
100 
242 
100 
589 
4.2 
8.4 
1.5 
4.4 
0.3 
2.6 
9.9 
10.6 
2.6 
4.2 
0.6 
2.2 
r 
l· 
r 
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Table 7.8 Effect of malate (1 mM) on 02 evolution, amino acid synthesis, and stromal 
glutamate and glutamine concentration in oat chloroplasts during NH3 assimilation in the 
light. The reaction time was 4 min at 20 'C in the presence of (1) [14CJ2-0G, (2) [14C]2-0G plus 
glutamine, and (3) [14CJ2-0G plus glutamate. Data for 14C-labelled amino acids were obtained 
in the same experiment in Figures 7.6 (system 1), 7. 7 (system 2) and 7.8 (system 3); and 02 
evolution was measured in a separate experiment (see Materials and Methods). Additions: 
[14CJ2-0G, 3 mM; glutamine, 5 mM; glutamate 5 mM. 
NH3 02 [14C]Amino 
assimilation evolution acid 
system synthesis 
(% control) 
(1) 2-0G, NJ4Cl 
Control 100 
+ Malate 54 
(2) 2-0G, NJ4Cl, Glutamine 
Control 100 
+ Malate 85 
(3) 2-0G, Nf4Cl, Glutamate 
Control 100 
+ Malate 78 
100 
86 
100 
81 
100 
86 
Stromal concentration 
[14C]Glu 
2.6 
2.0 
3.1 
3.6 
0.3 
0.6 
(mM) 
[I4C]Gln 
3.3 
3.8 
4.8 
3.2 
0.8 
0.4 
Taken together, the above results lend support to the earlier hypothesis and 
clearly show that the stromal glutamate concentration (linked to increased 2-0G 
uptake) is the major factor moderating NH3 assimilation in isolated chloroplasts. 
Furthermore, the apparent lack of malate stimulation for NH3 assimilation in oat 
chloroplasts appeared to be associated primarily with a depressed glutamate 
concentration. 
...... 
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Compared to the results obtained in spinach chloroplasts, the glutamate 
content in oat chloroplasts is low. This was unlikely to be associated with pool 
depletion caused by exchange with exogenous dicarboxy lat es because identical 
conditions were present for spinach chloroplasts. On the other hand, the results in 
Fig. 7.4B suggest that the low glutamate pool in oat chloroplasts might be linked to 
rapid (and large) export of newly formed glutamate. 
More than 95% of the [14C]glutamate (Fig. 7.9) and total 14C-labelled amino 
acids (Fig. 7 .10) formed during NH3 assimilation in the presence of malate were 
rapidly (within 1 min) exported. These values are greater than those determined in 
the absence of malate (Fig. 7.4B). This suggests that malate increased the 
quantitative export of total 14C-labelled amino acids in general and [ 14C]glutamate 
in particular from isolated oat chloroplasts. This is similar to results obtained with 
spinach chloroplasts (Woo et al. 1987b). The critical difference appears to be· that 
..--.. 
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Figure 7.9 Export of [14C]glutamate during NH3 assimilation in oat chloroplasts in the light. 
The organelles were initially preincubated in the dark (3 min) with malate ( 0 ), gluta.mine + 
malate (e), and glutamate + malate (Ll) in the standard ([5-14C]2-0G, NH4Cl) system. 
Additions were: malate, 1 mM; glutamine, 5 mM; and glutamate, 5 mM. 
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the increased export m oat chloroplasts decreased stromal glutamate whereas 
increased export in spinach chloroplasts was complemented by an increase in 
stromal glutamate ( and glutamine). 
100 
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Time in the light (min) 
4 
Figure 1.10 Export of total 14C-labelled amino acids during NH3 animilation in oat 
chloroplasts in the light. The organelles were initially preincubated in the dark (3 min) with 
malate (0), glutamine + mal.ate (e), and glutamate + mala'le (~ . in the standard ([5-14CJ2-0G, 
NH4Cl) sys'lem. Additions were: malate, 1 m.M; glutamine, 5 m.M; and glutama'le, 5 m.M. 
7 .4 Discussion 
Isolated intact chloroplasts contain adequate levels of GS and GOGA T 
activity to support NH3 assimilation via the GS/GOGAT pathway in the light. 
Results presented here showed that dicarboxylates have different effects on NH3 
assimilation in the light in different species. Stimulation of (2-0G, N°H4Cl)-
dependent 02 evolution (Fig. 7 .1, Table 7.1) and amino acid synthesis (Table 7 .4) by 
malate, succinate and fumarate were observed for spinach and pea but not for oat 
and wheat chloroplasts. The mechanism of malate stimulation in pea chloroplasts 
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was apparently similar to that proposed for spinach chloroplasts (Flugge et al. 1988; 
Woo et al. 1987a) even though the stimulation was dependent on exogenous 
glutamine. However, it would be necessary to integrate glutamine uptake ( via the 
Gln translocator) with glutamate export and 2-0G import (as represented by the 2-
translocator model of Woo et al. 1987 a) during NH3 assimilation in pea chloroplasts. 
This will be done in the final chapter. 
In spinach chloroplasts, the stimulation of NH3 assimilation was linked to 
increased [14C]glutamate pool (Figs. 7.6-7.8; Table 7.7). This is consistent with the 
high Km(glutamate) values determined for GS activity (Table 7.6) which are greater 
than the active glutamate pool normally present in isolated spinach chloroplasts (Fig. 
7.5A; Table 7.7). 
Interestingly, the [14C]glutamate (active) pool in oat chloroplasts which did 
not show malate stimulation of NH3 assimilation was more than 3 fold smaller than 
that present in spinach chloroplasts (Fig. 7.5). The presence of malate during NH3 
assimilation in oat chloroplasts increased [I4C]glutamate export (Fig. 7.9) and 
further depressed the [14C]glutamate pool in these organelles (Figs. 7.6-7.8; Table 
7.8). 
The above evidence indicates that NH3 assimilation was greatly affected by 
the transport of metabolites into and out of the chloroplast. In the case of spinach 
(and pea) chloroplasts the successful coordination of metabolism with metabolite 
transport had led to increased metabolism and the subsequent export of products. 
In my view, this coordination was mediated in a manner postulated by the 2-
translocator model (Flugge et al. 1988; Woo et al. 1987a). The evidence presented 
in this chapter suggests that increased 2-0G transport via the 2-0G translocator 
would increase the active glutamate pool (via GOGAT activity), thereby increasing 
NH3 assimilation and glutamate export. 
This coordination of metabolism and metabolite transport was evidently not 
achieved in oat chloroplasts. The available evidence suggests that the depressed 
glutamate pool in oat chloroplasts, both in the presence and absence of malate, is 
probably the most important factor affecting this coordination. Clearly, under 
conditions of low glutamate, GS activity would always be the limiting factor, and 
the "push and pull" mechanism of malate stimulation (Woo et al. 1987a) would not 
work. Malate and other dicarboxylates, including glutamine, would then be 
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primarily involved in direct counter-exchange with the endogenous glutamate (and 
glutamine) pool. 
The question arises as to why are oat and wheat chloroplasts different from 
spinach and pea chloroplasts. Possibly it could be due to the very young leaf 
material used for organelle isolation. Or it could be due to plant growth conditions. 
Seedlings were grown without any nutrient and the leaves were formed and 
developed entirely on seed reserve which are unlikely to be substantial in these 
monocotyledons. It would be interesting to see if chloroplasts isolated from 
seedlings watered with nutrient solution show the malate stimulation. 
CHAPTERS 
Glycerate Transport and the Role of Light on 
the Transport in Plastids 
8.1 Introduction 
117 
The transport of glycolate and glycerate in isolated chloroplasts was 
translocator-mediated and stimulated by light (Howitz & McCarty 1983, 1984; 
Robinson 1982a, 1982b). The stimulation by light was proposed to involve the 
proton (ion) gradient across the chloroplast envelope (Robinson 1982b ). Available 
evidence indicates that a single protein is responsible for the transport of both 
metabolites (Howitz & McCarty 1986). Since 2 mol glycolate is exported out of the 
chloroplast during photorespiration for every glycerate returned, the transport of 
glycolate (at the second mol) was proposed to be coupled to either a proton symport 
or hydroxyl antiport (Howitz & McCarty 1985a). This mechanism would also partly 
rationalize the proposed involvement of the proton gradient for the light-stimulated 
uptake. 
The observed stimulation of glycerate/glycolate transport by light is 
obviously important, but light itself was not required for the stimulation. Rather, 
some product formed in the light prior to uptake measurements might be responsible 
(Robinson 1984b ). The precise nature of this product remains to be established, but 
it seems unlikely, in my view, that the stimulation could be totally attributed to the 
proton gradient across the chloroplast envelope. Robinson ( 1982b) reported a pH 
optimum of 8.5 for glycerate uptake. On the other hand, glycolate uptake in the dark 
and in the light decreased rapidly with increasing pH (Howitz & McCarty 1982). 
It is quite possible that other unknown factors might be responsible for the 
observed light stimulation. Glycolate is formed from NaHC03 in the light in 
isolated chloroplasts (Takabe & Akazawa 1981). It is an effective counter ion for 
glycerate uptake (Howitz & McCarty 1986). If glycolate was in fact formed in the 
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light in the chloroplast preparations used in the studies of Robinson ( 1982a, 1982b) 
and Howitz and McCarty (1983, 1984), it could partly account for the reported light 
stimulation of glycolate and glycerate transport. 
In order to assess the role of this endogenous glycolate pool I have examined 
the effect of preloading on glycerate uptake in both oat chloroplasts and etioplasts. 
8.2 Materials and Methods 
Growth of etiolated and green oat seedlings in growth cabinets were 
described in Chapter 2. Plastids were isolated by mechanical methods (Chapter 4 ). 
The incubation time for uptake measurements in the SL system was 5 s unless 
( otherwise stated. The only commercially available radioactive compound, the 
racemic mixture of DL-[l-14C]Glycerate was obtained from CEA, Gif-sur-Yvette, 
France. No correction of glycerate metabolism was made because of the use of short 
incubation. Uptake in the light was started after 1 min preincubation under 
illumination with an intensity of 150 µmol photons·m-2.s-1 on the surface of the 
microfuge tube. 
8.3 Results 
8.3.1 Time Course and Characterization of Glycerate Uptake 
In oat chloroplasts, the time-course for the uptake of DL-[14C]glycerate 
measured in the light was 8 to 10 fold greater than that 1n the dark (Fig. 8.1 ). The 
stromal concentration of DL-[14C]glycerate in the dark treatments was always less 
than that in the external medium. On the other hand, the value measured in 
illuminated chloroplasts greatly exceeded ( up to 8 fold) the concentration of the 
external medium. 
[14C]Glycerate uptake in both light and dark showed substrate-saturation 
kinetics over the concentration range (0.125-1.0 mM) examined (Fig. 8.2). 
Glycolate was an effective inhibitor particularly for uptake in the dark at low 
I· 
( 
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Figure 8.1 Ti.me course of DL-[l-14C}glycerate (0.5 mM) uptake into oat chloroplasts in the 
dark and light. Freshly isolated organelles were used for the measurement at 20 ·c in the SL 
system. For uptake in the light, plastids were pre-illuminated in the microfuge tube for 1 min 
with an intensi-ty of 150 µmol photons·m-2.s-1 on the surface of the tube. 
(14C]glycerate concentration. The inhibition of transport activity in the dark (0.125-
0.5 mM) by glycolate was partially restored at high (1 mM) [14C]glycerate 
concentration. This suggests that the inhibition by glycolate was competitive. 
The kinetic parameters for DL-(14C]glycerate uptake in oat chloroplasts 
showed that the K1 ;2 values for transport in the light were similar to that in the dark 
(Table 8.1). In contrast, the V max values determined in the light was more than 4 
fold greater than the values measured in the dark. These values in oat chloroplasts 
were higher than those reported for spinach chloroplasts where the K112 was in the 
range of 0.1 to 0.4 mM and V max 8.6 to 17.6 µmol ·mg-1 Chl.h-1 at pH 7.0 
(Robinson 1982b ). This lower activity in spinach is probably related to the 
prolonged uptake time used in the measurement rather than to species difference. 
The mechanism for light stimulation of glycerate uptake in oat chloroplasts is 
examined in the next section. 
( 
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Figure 8.2 Concentration dependence of the ra'te of DL-[J-14C}glycerate uptake into oat 
chloroplasts in the dark and light. Activities were measured in the absence (O,e) or presence 
(~ .&) of 0.5 mM glycolate in the SDL system at 20 ·c. Chloroplasts were preloaded with 
glycf.., ate. Uptake in the light was started after 1 min pre-illumination wit!-:. an intensity of 150 
µmol photons·m·2.s-1 on the surface of the microfuge tube. 
Table 8.1 Kinetic parameters of DL-[14C]glycerate uptake in oat chloroplasts in the 
dark and light. Measurements were done in DL-glycerate-preloaded chloroplasts in the 
SDL system at 20 ° C. 
Parameter 
K112 (mM) 
Vmax (µmol·mg-1 Chl-h-1) 
Ki( glycolate) (mM) 
Dark 
0.76 
13.3 
--* 
*This could not be determined with reasonable accuracy. 
Light 
1.11 
57.2 
0.31 
( 
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8.3.2 Effects of Preloading on Glycerate Uptake 
It has been reported that if chloroplasts were preloaded with glycolate prior to 
. the addition of [ 14C]glycerate, transport activity was enhanced (Howitz & McCarty 
1986; Ohnishi & Kankai 1988). Preloading with the SDL system in the present 
study has proved to be a much better way to examine such preloading effects. Table 
8.2 shows the effect of preloading with glycerate, glycolate and PGA on DL-
[14C]glycerate uptake measured in the SL and the SDL systems. Compared to the 
controls, preloading with either glycerate or glycolate greatly stimulated DL-
[14C]glycerate transport in the dark in the SDL but not in the SL system. This 
suggests that the preloading of these two metabolites in oat chloroplasts was much 
more effective in the SDL system than in the SL system (see Chapter 3). On the 
other hand, preloading with PGA had little effect in either system, suggesting that it 
was not an effective counter ion for glycerate uptake (Howitz & McCarty 1986). 
Table 8.2 Effects of preloading on DL-[1-14C]glycerate (0.5 mM) uptake in oat chloroplasts (10 
µg Chl) in the SL and SDL system at 20 ° C in the dark and in the light. Incubation time was 5 
s in the SL system. Data were means of 3 experiments each with triplicates. 
SL 
Preloading dark light stimulation 
(µmol·mg-lChl-h-1) (%) 
None (control) 1.2 21.4 1683 
DL-Glycerate 4.0 27.0 575 
Glycolate n.d. 38.6 
PGA 1.2 13.4 1016 
n.d. = not detectable. 
dark light 
(µmol ·mg-lChl-h-1) 
2.8 18.9 
11.9 21.4 
20.6 33.2 
2.2 33.8 
SDL 
stimulation 
(%) 
575 
80 
61 
1436 
The results also show that the rates of DL-[14C]glycerate transport measured 
in the light were similar for all treatments in both system. However, because the 
rates obtained in the dark treatments in the SDL system were considerably higher 
than those in the SL system, the percentage of light stimulation estimated for the 
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SDL system was considerately lower than that of the control and the SL system. In 
the SL system the light stimulation decreased from 1683% (control) to 575% 
(glycerate-preloading), and in the SDL system it decreased from 575% (control) to 
only 80% (glycerate-preloading) and 61 % (glycolate-preloading). 
More importantly, preloading with DL-glycerate and glycolate increased the 
absolute value of DL-[l-14C]glycerate uptake in the dark from 2.8 (control) to 11.9 
and 20.6 µmol·mg-1 Chl-h-1 in the SDL system. These values are 63% and 109% 
respectively of the value of 18.9 µmol ·mg-1 Chl-h-1 determined for the light-
stimulated rate in the control. Preloading with either glycerate or glycolate appears 
to be an effective substitute for the light effect on glycerate uptake. Conversely, the 
light stimulation of glycerate transport might be directly linked to an increase in the 
substrate (glycolate) concentration in the stroma. 
8.3.3 Effects of DCMU and FCCP 
Further studies were carried out with DCMU and FCCP to test the above 
hypothesis. Both these compounds have been shown to abolish the stimulation of 
glycerate transport by light in spinach chloroplasts (Robinson 1984a). Table 8.3 
shows that DCMU and FCCP also abolished the light-stimulated increase in 
Table 8.3 Effect of FCCP and DCMU (both 10 µM) on the light-stimulation of 
glycerate uptake into oat chloroplasts preloaded with DL-glycerate in the SL system 
at 20 °C. Incubation time was 5 s. Data were means of two experiments each with 
triplicate measurements. 
Addition 
None 
FCCP 
DCMU 
Dark Light 
(µmol ·mg-1 Chl. h-1) 
4.0 
0.8 
3.0 
34.3 
1.3 
6.8 
Light stimulation 
(%) 
758 
63 
127 
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glycerate transport when transport activity was detennined in the SL system in 
glycerate-preloaded chloroplasts. 
When the transport of [14C]glycerate was measured in the SDL system (Table 
8.4) the addition of FCCP had little effect, compared to controls, on the activity in 
the light in oat chloroplasts preloaded with either glycerate or glycolate (Table 8.4, 
Expt 1). In the second experiment (Table 8.4, Expt 2) the addition of DCMU (or 
FCCP) in oat chloroplasts preloaded with glycerate also had little effect, compared 
to the control, on [14C]glycerate transport in the light. 
These results show that the transport of [ 14C]glycerate in oat chloroplasts 
preloaded with either glycerate or glycolate did not depend on the generation of a 
proton gradient across the chloroplast envelope. On the other hand, high transport 
activity could be achieved in chloroplasts preloaded with an effective counter ion. 
Table 8.4 Effect of DCMU (10 µM) and FCCP (10 µM) on the stimulation of DL-
[14C]glycerate uptake by light in oat chloroplasts. Measurements were done in the 
SDL sys'tem at 20 • C. 
Chloroplast Addition Dark light 
µmol·mg-1 Chl·h-1 
Expt 1 
Unpreloaded None 2.8 18.9 
Preloaded: 
with gl ycerate None 8.1 13.8 
FCCP 11.4 18.4 
With glycolate None 20.6 33.2 
FCCP 11.8 28.6 
Expt2 
Preloaded 
with glycerate None 24.3 27.6 
DCMU 20.1 25.2 
FCCP 23.7 21.1 
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8.3.4 Glycerate Transport in Etioplasts 
The transport of DL-[ 14C]glycerate in oat etioplasts did not increase in the 
light over the whole time course examined (Fig. 8.3). The activity measured was 
similar to the rates determined in oat chloroplasts in the dark ( compared Fig. 8.3 
with Fig. 8.1). Table 8.5 shows that, unlike chloroplasts, the uptake of 
[ 14C]glycerate and [ 14C]glycolate in etioplasts was not greatly affected by 
preloading. These results show that the observed low transport activity in oat 
etioplasts probably related to a real decrease in absolute translocator activity 
compared to chloroplasts. At present it is uncertain whether this reflects a 
qualitative and/or a quantitative change in the translocator protein present in 
etioplasts. 
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Figure 8.3 Time course of DL-[14C]glycerate (0.5 mM) uptake into oat etioplasts in the dark and 
light. Activities were measured under identical conditions as for the chloroplast (Figure 8.1). 
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Table 8.5 Comparison of DL-{14C}glycerate (1 mM) and {14C}glycolate (1 mM) uptake in oat 
chloroplasts and etioplasts. Measurements were done at 20 ·c in the dark in the SDL system. 
Data were expressed as means± SD (n • 3). 
Uptake Substrate-preloaded Chloroplasts Etioplasts 
mM·min-1 
DL-[14C]glycerate No 2.0 + 0.1 7.3 + 1.9 
Yes 27.5 + 4.9 6.4 ± 2.1 
[14C]glycolate No 12.0 ± 0.3 2.1 ± 1.3 
Yes 39.6 + 5.4 2.8 + 1.1 
8.4 Discussion 
The Glc translocator in chloroplasts of C3 plants (Howitz & McCarty 1983; 
Robinson 1982a) mediates the specific transport of glycerate into and glycolate out 
of the chloroplast. The kinetic parameters and the high V max values of this 
translocator in oat chloroplasts (Table 8.1) determined in this chapter are consistent 
with the important roles it plays in the initial export and eventual recovery of carbon 
during photorespiration in the leaves. Although these metabolites could possibly 
diffuse across the chloroplast envelope (Howitz & McCarty 1982; Takabe & 
Akazawa 1981 ), their primary transport during photorespiration is likely to be 
mediated by the Glc translocator. 
Glycerate transport in oat chloroplasts increased dramatically in the light 
(Fig. 8.1; Table 8.2). This stimulation was abolished by DCMU and FCCP (Table 
8.3). This dramatic stimulation was first reported in spinach chloroplasts (Robinson 
1982a, 1982b). It could be attributed to at least two factors: 
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(i) the involvement of a proton (ion) gradient across the chloroplast 
envelope (Robinson 1982a, 1982b, 1984a, 1984b); and 
(ii) an increase in the exchangeable substrate pool, viz. glycolate, in the 
stroma. 
Evidence for (i) was based on studies with uncouplers of 
photophosphorylation (FCCP, nigericin, valinomycin, antimycin A), inhibitors of 
noncyclic photosynthetic electron transport (DCMU), inhibitors of ATP synthesis 
(arsenate, phlorizin) and the ATP-analogue (PPi, AMP-PCP) (Robinson 1984a, 
1984b). However, the effects of these compounds on glycerate uptake were not 
always conclusive, eg. nigericin completely inhibited glycerate uptake in the light 
while valinomycin had no effect and NI4Cl (10 mM) actually stimulated glycerate 
uptake. Taken together the evidence indicates that light, in itself, was not required 
for the stimulation of glycerate uptake but rather some product formed during 
illumination prior to uptake measurement (Robinson 1984a). 
The evidence presented in this chapter (Tables 8.3 & 8.4) indicates that this 
product might be glycolate. The results clearly show that preincubation with 
glycerate and glycolate increased glycerate uptake to an extent similar to the 
stimulation by light. Furthermore, DCMU and FCCP, which abolishes stroma 
alkalization and hence the proton gradient across the chloroplast envelope, had no 
effect on the uptake in the SOL system in these preloaded chloroplasts (Table 8.4 ). 
Significant amounts of glycolate can be generated in isolated chloroplasts 
which in tum can establish a large concentration gradient ( 690 times higher than 
external medium) after a short time (2 min) preillumination (Takabe & Akazawa 
1981 ). This increase in the stromal glycolate pool would increase glycerate uptake 
as observed with glycolate preloading (Table 8.4 ). Thus, the observed stimulation 
by light could be attributed primarily to an increase in stromal glycolate pool. Since 
glycolate in chloroplasts is derived from RuBP, its synthesis would ultimately 
depend on photosynthetic electron transport and photophosphorylation. Indeed 
glycerate transport in the light was strongly inhibited by inhibitors and uncouplers of 
photosynthesis (Table 8.3; Robinson 1984a, 1984b). Under physiological 
conditions, the transport of glycolate out of the chloroplast would be coupled to the 
transport of glycerate into the chloroplast. This counter exchange would primarily 
be driven by the metabolite gradient across the chloroplast envelope. In the light, 
....... 
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increased synthesis of glycolate as a result of the oxygenation of RuBP would 
increase the counter exchange of glycolate with glycerate thereby facilitating the 
recovery of carbon during photorespiration. In the dark, this counter exchange 
would decline as the stromal glycolate pool is depleted. 
During photorespiration, two mol glycolate would be transported out of the 
chloroplast for the return of 1 mol glycerate (see Chapter 1, Fig. 1.4). It is still 
unclear how this might be achieved although it has been postulated that the export of 
the second glycolate could be coupled to a proton symport or hydroxyl antiport 
(Howitz & McCarty 1985a). On the other hand, the translocator could mediate the 
exchange of 2 mol glycolate for 1 mol glycerate. The stoichiometric exchange for 
glycolate and glycerate via the Glc translocator remains to be established. 
Of all the translocators present in the inner membrane of the chloroplast 
envelope, the Glc translocator is probably the only one whose function is directly 
linked only to photorespiratory carbon metabolism. In contrast, the Dct, the 2-0G, 
the Gln, the Pi, and the ATP translocators are known to be involved in the transport 
of metabolites needed for cellular and chloroplastic metabolism other than 
photosynthesis and photorespiration. The considerably lower activity ( 4 fold) 
determined for the Glc translocator in oat etioplasts, compared to oat chloroplasts 
(Fig. 8.3, Table 8.5), suggests that the ontogenic development of the translocator 
might be closely linked to the development of photosynthesis/photorespiration in 
leaves during greening in the light. 
I· 
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Chapter 9 
General Discussion and Concluding Comments 
This thesis has examined metabolite transport and the role of both transport 
and translocator in the regulation of photorespiratory NH3 metabolism in isolated 
chloroplasts from monocotyledonous and dicotyledonous plants. The major findings 
in the study are: 
1. the importance of measuring transport rapidly using the SOL system; 
2. strong evidence supporting a 3-translocator model integrating 
cytosolic glutamine metabolism with the GS/GOGAT pathway during 
photorespiratory NH3 assimilation; 
3. the conclusion that the glutamate pool may act as the major factor 
regulating NH3 assimilation in isolated chloroplasts; 
4. that there is coordination of transport and metabolism by the 2-
translocator model for dicarboxylate transport during NH3 
assimilation; 
5. obtaining direct biochemical evidence supporting the "push and pull" 
mechanism in the 2-translocator model; and 
6. the role of stromal metabolite pool size in the light stimulation of 
glycerate/glycolate transport. 
9.1 Measurement of Metabolite Transport 
The development and use o~ the SDL systems (Chapter 2) were crucial to my 
studies. This method makes it possible to preload chloroplasts (and etioplasts) ·with 
specific metabolite, without prewashing, and then immediately determine transport 
in 2 s. 
--- --- ----, 
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The short resolution time has made it possible to determined the initial linear 
activity of rapid transport processes. This is crucial in separating transport processes 
from metabolism (Table 8.4 ). Indeed, the SDL system has helped to resolve much 
of the confusion associated with the light stimulation of glycerate transport m 
isolated chloroplasts (Chapter 8). The SDL system also abolishes the need to 
determine transport at low temperature in order to ensure that the measurements 
represent linear rates. This allows a comparison of uptake to be made at more 
physiological temperature. 
The importance of preloading, which allows the maximum uptake activity of 
a specific metabolite to be determined, could not be overstated. This procedure has 
made it possible for me to distinguish translocators (viz. Oct, 2-0G, and Gln 
trans locators) with overlapping specificities and to determine the kinetic parameters 
of these trans locators more accurately. Comparison of transport activities in 
different organelles would be more reliable if preloading was used. Finally, 
preloading could be used to identify the substrate specificity of a translocator. 
9.2 The 3-translocator Model for Metabolite Transport and 
Photorespiratory NH3 Assimilation 
In C3 species possessing both chloroplastic and cytosolic GS isoforms, the 
reassimilation of photorespiratory NH3 will involve both isoforms. It is essential to 
integrate the metabolism of the glutamine formed in both these compartments into a 
single pathway. Figure 9.1 shows a proposed model -for photorespiratory NH3 
assimilation involving the Gln, Oct, and 2-0G translocators. The model assumes 
that both the cytosolic and chloroplastic GS isof orms are involved in NH3 
assimilation, and the relative contributions by both isof orms are similar to the 
proportion of respective isoform activity in the leaves. For example, in the case of 
pea, the contribution of the cytosolic GS isoform, represented by "x" in Figure 9 .1, 
would only be 15% because this is the value determined for this cytosolic GS 
activity in the leaves (McNally et al. 1983). 
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Figure 9.1 A three-translocator model for the transport of me'labolites in chloroplasts of C3 
plants during photorespiratory NH3 assimilation in the light involving the Gln aJ, Dct aIJ and 
2-0G aII) translocators. Transport in this manner facilitates the rapid uptake of 2-0G (1 mol) 
into and export of glutamate (1 mol) out of the chloroplast. Also it enab/.es glutamine (x mol), 
formed during cytosolic NH3 refixation, to be recycled. For most Ca species the value of x varies 
from Oto 0.3. 
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In this model the glutamine formed in the cytosol is transported into the 
chloroplast by the glutamine translocator (Chapter 7). The counter ion is glutamate, 
which has been shown to participate in a stoichiometric exchange with glutamine on 
the Gln translocator (Table 6.6). Together with the glutamine formed inside the 
chloroplast, the glutamine imported is further metabolized with 1 mol of 2-0G by 
GOGAT to form 2 mol of glutamate. This glutamate would subsequently become: 
(a) the substrate for chloroplastic GS (1-x mol); 
(b) the export counter ion (x mol) for glutamine transport via the Gln 
translocator; and 
( c) the export counter ion ( 1 mol) for malate uptake via the Dct 
translocator. 
The import of 2-0G via the 2-0G translocator and the export of glutamate via the 
Dct translocator is coupled to malate counter-exchange in a cascade-like manner 
(Flugge et al. 1988; Woo et al. 1987a). The exported glutamate would return to the 
peroxisomes for glycine synthesis which involves the transamination between 
glutamate and glyoxylate. This regenerates the 2-0G which returns to the 
chloroplast for another cycling of glutamate synthesis via GOGAT. 
The model allows the stoichiometric balance of the various metabolites 
transported across the chloroplast envelope during photorespiratory NH3 recycling 
to be maintained. It shows how the component of photorespiratory NH3 refixed by 
the cytosolic GS is returned to the chloroplast for subsequent metabolism. Thus it 
ensures that nitrogen is not drained out of the photorespiratory NH3 pathway as a 
result of cytosolic GS activity. In species like spinach and tobacco, which do not 
have a cytosolic GS (McNally et al. 1983), the recycling of photorespiratory NH3 
will only involve a two-translocator model consisting of just the Dct and the 2-0G 
translocators (Flugge et al. 1988; Woo et al. 1987a, 1987b). Like the two-
translocator model, the three-translocator model in Figure 9 .1 leads to an imbalance 
in charge distribution across the chloroplast envelope. At physiological pH (pH 6 to 
8), glutamine carries no net charge (zwitterion) and glutamate 1 negative charge. 
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This imbalance [ of ( 1-x) unit of negative charge inside) is presumably offset by a 
proton symport or a hydroxy I antiport. 
The coupling of glutamate export (via the Oct translocator) with 2-0G import 
( via the 2-0G translocator), by malate counter exchange in a cascade manner (Fig. 
9.1; Flugge et al. 1988; Woo et al. 1987a), has helped to integrate the complex 
transport processes across the chloroplast envelope during photorespiratory NH3 
assimilation. It also helps to explain the observed stimulation of (2-0G, NI4Cl)-
dependent 02 evolution by malate in isolated chloroplasts. However, the precise 
mechanism of this coupling is not known. 
The results presented in this thesis have provided a kinetic basis and rationale 
for this mechanism. In spinach chloroplasts, the K112 (ma/ate) value determined for 
the Oct translocator is 9.5-fold lower than the value determined for the 2-0G 
translocator (Table 5.5). This suggests that malate would be preferentially 
transported into the chloroplast via the Oct translocator. This initial "push" would 
rapidly increase the stromal malate concentration thus providing the counter ion and 
the "pull" to facilitate 2-0G uptake via the 2-0G translocator. 
The V max values determined for the Gln translocator in oat and pea 
chloroplasts (species with cytosolic GS) were high (Table 6.4). Using the kinetic 
constants [ viz. K;( glutamate) values] obtained in Table 6.4, and assuming the active 
stroma glutamate pool in these isolated chloroplasts to be about 4 mM (Fig. 7.5; 
Tables 7.7 & 7.8), the maximal potential rate of glutamate export via the Gin 
translocator was estimated to be 4.7 and 10.3 µmol·mg-1 Chl·h-1 for oat and pea 
chloroplasts, respectively. These values also represent the maximum potential rates 
of glutamine uptake in counter-exchange with glutamate in these chloroplasts. 
Assuming a rate for photorespiratory NH3 evolution of 30 µmol·mg-1 Chl·h-1 (see 
Chapter 2), the above estimates of glutamine transport would represent the 
proportion of the total photorespiratory NH3 refixed by the cytosolic GS in oat and 
pea leaves. These values of 16% and 34% in oat and pea chloroplasts are 
comparable to the respective values of 10% and 15% determined for the percentage 
of the total GS activity in the leaf (McNally et al. 1983). It is worth noting that the 
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higher values determined for glutamine transport represent maxnnum potential 
activity of counter exchange with glutamate, without considering competition and 
homologous exchange via the Gln translocator. The "corrected" values would 
presumably give a better match. The above comparison indicates that the activity of 
the Gln translocator was adequate for the transport of glutamine formed from 
photorespiratory NH3 refixed by the cytosolic GS. 
9.3 Coordination of Transport and Metabolism, and the Role of 
Glutamate in NH3 Assimilation in Chloroplasts 
The total glutamate and glutamine content determined in isolated chloroplasts 
normally varies between 10 - 20 mM (Woo et al. 1987a, 1987b). These values are 
comparable to the in vivo values determined by non-aqueous fractionation technique 
(Gerhardt & Heldt 1984). However, the active glutamate pool is closer to about 4 -
5 mM (Fig. 7.5; Tables 7.7 and 7.8; Woo et al. 1987a, 1987b). Because this value is 
generally smaller than the Km (glutamate) values determined for GS (Table 7.6), 
small changes in the glutamate concentration would be expected to have a profound 
effect on the rate of NH3 assimilation in chloroplasts. In contrast, the active 
glutamine pool determined (Fig. 7.5; Tables 7.7 and 7.8) greatly exceeded the Km 
(glutamine) values obtained for GOGAT (Table 7.6) by an order of magnitude. 
Consequently, changes in glutamine content are less likely to affect NH3 
assimilation in these organelles. 
The above evidence indicates that the assimilation of NH3 via the 
GS/GOGAT pathway could possibly be regulated by changes in the active glutamate 
pool. Since glutamate is the final product exported out of the chloroplast it is critical 
that NH3 metabolism should be coordinated with the transport in such a manner that 
any increase in glutamate export would not cause a significant depletion of the 
active glutamate pool. Conversely, an increase in NH3 metabolism would normally 
be sustained by a corresponding rise in the glutamate pool. This has indeed been 
--
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observed in spinach chloroplasts where the stimulation of NH3 assimilation by 
malate was correlated with an increase in [14C]glutamate (Figs. 7.6-7.8; Table 7.7). 
In contrast, the [14C]glutamate pool in oat chloroplasts which did not show malate 
stimulation of NH3 assimilation was more than 3-fold smaller than that present in 
spinach chloroplasts (Fig. 7 .5). The presence of malate in these oat chloroplast 
preparations increased [14C]glutamate export (Fig. 7.9) and depressed the 
[14C]glutamate level in the chloroplasts (Figs. 7.6-7.8). 
The above evidence suggests that the glutamate pool can play a critical role in 
the regulation of NH3 assimilation in chloroplasts. Under conditions when the 
glutamate level is low (eg. nitrogen deficiency), GS activity would presumably be 
limiting and the "push and pull" mechanism of malate stimulation (Woo et al. 
1987 a) apparently could not operate efficiently enough to compensate for the rapid 
export and depletion of stromal glutamate via the Oct and/or Gln translocators. 
. Oat and wheat chloroplasts used in the studies reported in this thesis were 
isolated from primary leaves of seedlings grown without nutrient supplement. All 
efforts to demonstrate malate stimulation of NH3 assimilation in these isolated 
chloroplasts have been unsuccessful. Could the recycling of photorespiratory NH3 
in leaves of plants grown under nitrogen deficient conditions also be sensitive to the 
regulation associated with a depressed glutamate content in the chloroplast? 
9.4 Integration of Photorespiratory Carbon and Nitrogen Pathways 
The glycerate/glycolate (Glc) translocator in the chloroplast envelope 
elegantly couples the final recovery (75%) of photorespiratory carbon to the initial 
export of glycolate from the chloroplast. The activity of this counter exchange 
appears to be driven primarily be the stromal glycolate pool (Table 8.4) which 
apparently increases dramatically in the light (Takabe & Akazawa 1981). The role 
for a proton gradient across the chloroplast envelope for this transport (Robinson 
1982a, 1982b) remains equivocal. The evidence presented in Chapter 8 indicates 
CHAPTER 9 
~ C Cycle 
PGA RuBP 
f''--ft2 l02 / Glu 
ATP}J ( 2 lGlo-P 
I _ ~ (2 )Pi G c ( 2 lGlo- Glu-
NADH 
Glc_,. __ ./~ OH-Pyr 
(1 - x) Glu ( 1-x) NH3.,_ ___ _ 
( 1-x)ATP 
( 1-x ) Gin 
Gin/ 
~+ 
FdH ( X ) GI n-:- . 
( x lGln± ( x Glu-
~ 
( x )ATP ( x)NH3 ( 1-x)NH3 
135 
Figure 9.2 Integration of the photorespiratory carbon and nitrogen pathways in leaves of C3 
plants in the light. The charge of the metaboli'tes transported across the chloroplast envelope is 
calculated assuming a physiological pH of 7. The translocator proteins indicated are: Glc, the 
glycerate I glycol,ate translocator; Dct, the general dicarboxyl,ate translocator; 2-0G, the 2-0G 
translocator; Gln, the glutamine translocator. Numbers in brackets show the stoichiometry of 
metabolite flow in the pathway. C, chloroplast; Glc, glycerate; Glo, glycol,ate; Glo-P, 
phosphoglycol,ate; Glx, glyoxylate; M, mitochondrion; P, peroxisome. 
that high rates of transport could be sustained, even in the presence of DCMU and 
FCCP, by preloading chloroplasts with either glycerate or glycolate. 
The stoichiometry for the counter exchange of glycerate with glycolate via 
the Glc translocatot remains to be determined. Based on the ratio in the 
photorespiratory carbon pathway this is assumed to be 1 :2 in Figure 9 .2 which 
integrates the role of the Glc translocator with those of the Dct, 2-0G and Gln 
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translocators during photorespiration in C3 species. The two steps that directly link 
the photorespiratory carbon and nitrogen pathways together are: 
(i) the peroxisomal transamination of glyoxylate with glutamate to form 
glycine; and 
(ii) the evolution of NH3 during mitochondrial glycine oxidation which 
initiates the photorespiratory nitrogen cycle. 
As represented in Figure 9 .2, the charge imbalance that is associated specifically 
with metabolite transport during photorespiratory NH3 assimilation (Chapters 5 and 
6) and the glycerate/glycolate counter exchange (Chapter 8) is neutralized in the 
integrated pathways in species without cytosolic GS activity (such as spinach and 
tobacco. Thus there may not be a need to postulate a major involvement of a proton 
symport or a hydroxyl antiport for the integrated transport of these metabolites 
during photorespiration in leaves of these C3 plants. 
Several studies with inhibitors and mutants of photorespiratory NH 3 
assimilation have showed that, in vivo, the photorespiratory carbon and nitrogen 
pathways are tightly integrated (Ikeda et al. 1984; Somerville & Ogren 1983; 
Walker et al. 1984; Wallsgrove et al. 1987). The operation of the former is totally 
dependent on the concurrent operation of the latter. Interruption of the 
photorespiratory nitrogen cycle either through inhibition of GS by methionine 
sulfoximine (Ikeda et al. 1984; Walker et al. 1984) or in mutants of GS (Wallsgrove 
et al. 1987) and GOGAT (Morris et al. 1988; Somerville & Ogren 1980) decreases 
the leaf glutamate level. In air, such a decrease results i!i an accumulation of NH3, 
an enhanced loss of recently fixed carbon by nonenzymatic oxidation of glyoxylate, 
and a decrease of glycine synthesis. This invariably leads to a decline of 
photosynthesis and eventually death. Mutation in the Dct translocator in Arabidopsis 
(Somerville & Ogren 1983) and barley chloroplasts (Wallsgrove et al. 1986) also 
proved lethal under photorespiratory conditions. Mutation which leads to a decline 
in the activity of the other three translocators represented in Figure 9 .2 would also be 
expected to be deleterious to the plant. 
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APPENDIX I 
Extraction Media and Assays Methods of 
Enzyme Activities, Protein Determination 
. 
XVI 
I. Extraction Medium: 
1. Rubisco: 
2. GS: 
3. GOGAT: 
4. GDH: 
20 mM MgC12, 5 mM DTI and 50 mM Bicine, pH 8.2. 
5 mM MgCI2, 12.5 mM mercaptoethanol, 0.5% Polyclar and 100 mM 
KH2P04, pH 7.6. 
5 mM EDTA, 12.5 mM mercaptoethanol, 0.5% Polyclar and 50 mM 
KH2P04, pH 7 .2. 
1 mM CaCI2, 5 mM mercaptoethanol, 0.5% Polyclar and 100 mM 
KH2P04, pH 8.0. 
II. Enzyme Assay: 
1. Rubisco: 
2. GS: 
Unless otherwise stated, the enzyme was activated at room temperature 
for 10 min in the extraction medium plus 20 mM NaHC03 and 0.05 mM 
6-phosphogluconate before being determined as described by Lorimer et 
al. ( 1977) in a 4-ml glass vial. The reaction was started by adding an 
aliquot of the activated enzyme (80 µI, equivalent to about 40 µg crude 
protein) to 420 µl reaction mixture containing a final concentration of 20 
mM [14C]NaHC03, 20 mM MgCI2, 0.4 mM RuBP, 1 mM DTT, and 50 
mM Bicine (pH 8.2) at 30 °C. (so as to match other enzymes), stopped 
after 1 min by adding 100 µ112 N HCOOH. The contents in the vial 
were dried and the radioactivity was counted by the Beckman Liquid 
Scintilation Counter. 
The activity was assayed at 30 °C for 15 min as described (Guiz et al. 
1979) using a biosynthetic reaction based on y-glutamyl hydroxamate 
formation in the presence of NH20H. Boiled enzyme was used as 
control. The reaction was started by the addition of 200 µl enzyme 
extract ( about 100 µg proteins) to 500 µl reaction medium containing 
(final concentration): 
50mMMgC12, 
7 mM NH20H-NaOH, 
8 mMATP, 
100 mM glutamate, 
5 mM aspartate, 
100 mM Tricine-KOH. 
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3. GOGAT: 
4. GDH: 
5. Catalase: 
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The reaction was stopped by adding 0.7 ml Fe03/trichloroacetic acid 
(TCA) solution containing 0.37 M Fe03, 0.67 N HCl, and 0.2 M TCA. 
The solution was centrifuged to remove the precipitated proteins and the 
supernatant was read at 540 nm against a set of standards. 
This activity was measured by the formation of [14C]glutamate from [5-
14C]2-0G (Amersham) as described (Somerville & Ogren 1980). The 
assay medium contained: 
10 mM aminooxyacetate, 
2 mM glutamine (fresh), 
2 mM [5-14C]2-0G (0.3 Ci/mol), 
100 µg methyl viologen, and 
100 µg protein. 
The assay was started by the addition of a dithionite/NaHC03 solution 
(16 mg each/ml) and stopped by 60 µl 3% H202. [14C]Glutamate 
formed was separated from [5-14C]2-0G on a Dowex 50 W resin (H+ 
form) column and the radioactivity was counted in a liquid scintillation 
counter. No reductant was added in the control. No attempt was made to 
separate the pyridine nucleotide- and ferredoxin-dependent GOGAT, as 
the latter one is the predominant isoform in the leaves (Matoh & 
Takahashi 1982; Stewart et al. 1980). 
The activity was determined as the initial linear rate of glutamate-
dependent NAD+ reduction monitored at 340 nm at 30 °C. Glutamate (15 
mM) was added to start the reaction after a basal activity was obtained in 
a total volume of 1.2 ml extraction medium containing 2 mM NAD+. 
This activity was measured polarographically at 20 °C with a Clark-type 
02 electrode (Hansatech Ltd., England) in a total volume of 2.5 ml assay 
medium, containing 10 mM K-phosphate (pH 7.4), 0.05% Triton X-100, 
and 2% (v/v) H202. An aliquot (20 µl) of enzyme was added to start the 
measurement. 
6. Cytochrome C oxidase: This was measured by the KCN-sensitive 
ascorbate/cytochrome C-dependent 02 uptake at 20 °C with a Clark-type 
02 electrode. The assay medium contained 10 mM K-phosphate (pH 
7 .2), 5 mM MgCl2, 8 mM ascorbate, and 0.2-0.4 mg mitochondrial 
protein. Oxygen consumption was initiated with 30 µM cytochrome C. 
After a linear rate of 02 uptake has been recorded, the reaction was 
blocked by the addition of 200 µM KCN. The small residual 02 uptake 
corresponds to a nonenzymatic oxidation of reduced cytochrome C by 
I I , 
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02, while the KCN-sensitive 02 uptake is due to cytochrome oxidase 
activity. 
III. Protein Determination 
A 50 µI-aliquot of sample (<60 µg proteins) was mixed with 2 ml 
reaction mixture containing: 
99 ml solution A: 
0.5 ml solution B: 
0.5 ml solution C: 
2% (w/v) Na2C03 in 0.1 N NaOH, 
1 % (w/v) CuS04, 
2% (w/v) Na-K-tartrate. 
After 15 min at room temperature, add 200 µ1 Polin reagent (freshly 
prepared, 1 part stock+ 2 parts water), vortex the tube immediately, and 
10 min later read at 7 50nm. The amount of proteins was read from the 
standard curve using BSA as the standard. 
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APPENDIX II 
Estimation of Photorespiratory CO2 Evolution Activity 
in Gas-Exchange 
This is done based on the model proposed by Farquhar & Caemmerer (1982) and 
Farquhar et al. (1980) and briefly described below. For detailed information, the reader is 
referred to the two papers above. 
The net rate of CO2 assimilation is 
A=Vc-0.5Vo-~ 
A: rate of assimilation of CO2 (µmol ·m-2.s-1) 
V c: rate of RuBP carboxylation (true photosynthesis, µmol ·m-2.s-1) 
Vo: rate ofRuBP oxygenation (µmol·m-2.s-l) 
~: rate of "day respiration" (µmol ·m-2.s-1) 
and photorespiratory CO2 evolution (PR)= 0.5 Vo 
At saturating RuBP, the rate of CO2 assimilation is also equal to 
r. 
A=Vc(l---)-~ 
Pi 
Pi: intercellular partial pressure of CO2 (µbar) 
r.: CO2 compensation point (µbar) 
Rearrange Equation 3: 
A+~ 
Vc=-------
r. 
1-----
Pi 
Equation 1 
Equation 2 
Equation 3 
Equation 4 
A and Pi are measured during the measurement of gas exchange and R<i value in cereal is 
about 0.5 µmol·m-2 -s-1. r. is affected by temperature and 02 concentration in the air, at 
25 ·c and 21 % 02, it is 38.4 µbar in wheat leaves (Brooks 1986) which is assumed to be 
similar in oat leaves. From these measurements, V c can be calculated by the Equation 4. 
By using the Equation 1, the rate of photorespiratory CO2 evolution (0.5 Vo) is 
r. 
PR= • Ve 
'wr,1----------------------------------- -, 
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APPENDIX III 
Media for Isolation of Plastids and 
Assay of Photosynthetic Activity 
I. Mechanical Disruption Method 
1. Oat etioplast isolation 
EBMoat (blending medium): 
0.33 M sorbitol, 
lOmMNaCl, 
1 mMMg02, 
lOmMEDTA, 
10 mM NaHC03, 
EWMoat (wash medium): 
0.33 M sorbitol, 
10 mMNaCl, 
1 mMMgCl2, 
1 mMEDTA, 
ERMoat (resuspension medium): 
4 mM N a-ascorbate, 
2mMDTT, 
0.1% BSA, 
1% PVP-40, 
10 mM Na-PPi, pH 6.5. 
2 mM N a-ascorbate, 
2mMDTT 
0.1% BSA 
40 mM Hepes, pH 7.1. 
The same as EWMoat except the pH is 7.6. 
2. Oat chloroplast isolation 
CBMoat (blending medium): 
The same as EBMoat (above). 
CWMoat (wash medium): 
0.33 M sorbitol, 
10 mMNaCl, 
1 mMMgCl2, 
lOmMEDTA, 
10 mM NaHC03, 
CRMoat (resuspension medium): 
0.33 M sorbitol, 
10 mMNaCl, 
1 mMMgCI2, 
1 mMEDTA, 
-
2 mM N a-ascorbate, 
2mMDTI, 
0.1% BSA, 
40 mM Hepes, pH 7.1. 
2 mM N a-ascorbate, 
0.1% BSA 
40 mM Tricine, pH 7.6. 
xx 
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3. Spinach and Pea Chloroplasts 
CBMspinach (blending medium): 
0.33 M sorbitol, 
lOmMNaO, 
1 mMMgCI2, 
1 mMMn02, 
2mMEDTA 
CWMspinach (wash medium): 
2 mM N a-ascorbate, 
2mMDTT, 
0.1% BSA, 
0.5 mM KH2P04, 
50 mM :MES-KOH, pH 6.1. 
XXI 
The same as CBMspinach except MES was replaced with 40 mM Hepes, 
pH 6.8. 
CRMspinach (Resuspension medium): 
The same as CBMspinach except MES was replaced with 40 mM 
Tricine, pH 7.6. 
II. Chloroplasts Isolated from Protoplasts 
1. Enzyme Medium 
Component Oat 
Sorbitol 0.5M 
Ca02 lmM 
N a-ascorbate 50mM 
DTT no addition 
BSA 0.05% (w/v) 
Cellulasea (Onozuka RS) 2% (w/v) 
Macerozymea (R-10) 0.3% (w/v) 
MES-KOH (pH 5.5) 5mM 
Wheat 
0.5M 
lmM 
50mM 
5mM 
0.05% (w/v) 
3% (w/v) 
0.5% (w/v) 
5mM 
a, obtained from Yakult Pharmaceutical Industry Co., Ltd. Japan. 
2. Medium for Chloroplast Preparation (CRMp) 
CRMp: The same medium used for isolation and resuspension of chloroplasts 
from protoplasts: 
0.4 M sorbitol, 1 mMEDTA, 
10 mM NaHC03, 50 mM Hepes, pH 7.6. 
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III. Standard Assay Medium for Photosynthetic Activity 
SAMm (for oat chloroplasts isolated by the mechanical method): 
0.33 M sorbitol, 
1 mMMgC12, 
1 mMEDTA, 
lOmMNaHC03 
0.25 mM KH2P04 
600 units (Sigma) catalase 
40 mM Tricine, pH 7.6 
SAMp (for oat and wheat chloroplasts isolated from protoplasts): 
0.4 M sorbitol 
lmMEDTA 
lOmMNaHC03 
0.15 mM KH2P04, 
600 units (Sigma) catalase 
50 mM Hepes, pH 7.6 
SAMspinach (for spinach chloroplasts isolated by mechanical method): 
0.33 M sorbitol, 
lOmMNaCl, 
1 mMMgC12, 
1 mMMnC12, 
2mMEDTA 
0.5 mM KH2P04, 
IOmMNaHC03 
600 units (Sigma) catalase 
40 mM Tricine, pH 7 .6. 
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APPENDIX IV 
Determination of Etioplast Intactness by 
A Rubisco Latency Assay 
XX1ll 
Rubisco is only found in plastids, and its substrate (RuBP) is not permeable to the 
inner membrane of plastid envelope. Hence the Rubisco activity in the etioplast 
preparations before and after the treatment of detergent ( to break the organelle) gives an 
estimate of the intactness of etioplasts. Since organelles may undergo lysis and activation 
of Rubisco may not be achieved in intact plastids, the nonactivated activity of Rubisco 
should be used in the comparison. 
The assay (Assay 1) was started by adding an aliquot of about 20 µg protein 
etioplasts (temperature equilibrated) to a reaction mixture containing 50 mM Bicine (pH 
8.2), 10 mM NaH14C03 (about 0.2 µCi/µmol) and 0.4 mM RuBP, stopped after 1 min at 
25 ·c by 100 µ112 N HCOOH. Another parallel assay (Assay 2) was done in the presence 
of 0.05% Triton X-100. The content in the reaction vial was dried and the radioactivity of 
the acid-stable content was counted in a liquid scintillation counter. The intactness (%) of 
the preparation is: 
DPM(Assay 2) - DPM(assay 1) 
-------------X 100% 
DPM(Assay 2) 
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